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A B S T R A C T
C o m m e rc ia l c a ta ly tic  a lk y la tio n  o f isobutane w ith  Cg to  Cg 
o le fin s  is  an im p o rta n t source of high octane m o to r fu e l. Both  
s u lfu ric  and h y d ro flu o ric  acid  a re  used as ca ta lys ts ; how ever, the  
s u lfu ric  ac id  process is  the m o re  w id e ly  used. Because liq u id -  
liq u id , com plex reactions  a re  invo lved , the th e o re tic a l knowledge  
of the p rocess  has lagged behind the c o m m e rc ia l developm ent.
The m o st s ig n ifican t th e o re tic a l co n tribu tion  has been the  
S ch m erlin g  carbon ium  io n  m echan ism . O th e r re s e a rc h e rs  have  
sought to m o d ify  c e rta in  portions o f th is  th eo ry ; How ever, i t  s t i l l  
re m a in s  the m ost com prehensive d escrip tio n  o f the a lk y la tio n  re a c ­
tions ava ilab le . In  a d d itio n , m any re s e a rc h  contribu tions have been  
m o re  c lo se ly  a ll ie d  to the e ffec t o f operatin g  v a r ia b le s  on the  product 
q u a lity . The w o rk  in  th is  a re a  has been so volum inous th a t s e v e ra l  
survey  a r t ic le s  have been devoted to  i t .
W hat has been needed is  a  d e ta iled  k in e tic  study o f o le fin -  
isobutane a lk y la tio n  w ith  s u lfu ric  ac id  c a ta ly s t. T h is  type o f study  
has not been p e rfo rm e d  due to the p h ys ica l n a tu re  o f the  re a c tio n  
m ed iu m  and the com plex  c h e m is try  invo lved . U n til re c e n tly  th e re  
has not been s u ffic ien t th e o re tic a l and e :q )e rim en ta l developm ents to  
p e r fo rm  such a w o rk  as th is .
X V
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As S c h m e rlin g 's m ech an ism  is  the  m o st com prehensive  one 
a v a ila b le , i t  served  as the b as is  fo r  the m a th e m a tic a l m o d e l. In  
addition , m o d ifica tio n s  w e re  in tro d u ced  to  account fo r  and C jq 
fo rm a tio n . S ch m erlin g  w as no t e x p lic it  about the  re a c tio n  paths to  
fo rm  these  species. These m o d ific a tio n s  w e re  consistent w ith  the  
re m a in d e r o f the th eo ry .
A  m a th e m a tic a l m odel w as d e riv e d  by solving the  steady state  
ra te  equations fo r  the ra te  constants o f the m o d ifie d  S ch m erlin g  
m ech an ism . T h is  resu lted  in  a  to ta l o f e ighteen ra te  constants and  
eighteen  ra te  equations o f the fo rm :
w h e re  k j is  the re ac tio n  ra te  constant, r j  is  the  ra te  o f fo rm a tio n  o f 
species C j p e r  u n it vo lum e o f ca ta ly s t, and Cj^ is  the co ncentra tion  
o f species Cj^ -  m o les  p e r  u n it vo lum e o f c a ta lys t.
T h e  species concentrations a re  those o f the s a tu ra ted  products , 
reac tan ts , o le fin ic  in te rm e d ia te s , o r  io n ic  in te rm e d ia te s . The  
m o d el was to be considered  v a lid  i f  the re s u ltin g  ra te  constants  
obeyed A rrh e n iu s ' th eo ry .
To obta in  the n e c e s sa ry  d ata  isobutane w as a lk y la te d  w ith
p ro p y len e  in  an id e a lly  m ixed , continuous-flow , s t ir r e d  re a c to r .
T h e  a lk y la tio n  w as c a r r ie d  out u nder the  fo llo w in g  conditions:
x v i
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6 5 ° F .  to 1 3 5 ° F . , 90% to  95% H 2 SO^, 12. 5 to  2 2 .4 %  b y  w e ig h t p ro p y ­
len e  in  the feed , o le fin  space v e lo c ity  o f 0 . 104 to  0 . 184 v o l. o le f in /  
v o l. c a ta ly s t -  h r . , 60% a c id  in  em uls ion , and a f la t  b lade tu rb in e  
speed o f 1, 700 R P M . A  hydrocarbon  res id en ce  t im e  o f 52 m inu tes  
w as used.
The re a c to r  e fflu e n t w as euialyzed on a  p ro g ra m m e d  te m p e ra ­
tu re  gas ch ro m ato g rap h  w ith  squalane coated c a p il la ry  co lum n and  
f la m e  io n iza tio n  d e te c to r. T h e  re s u lts  w e re  the com position  o f the  
hydrocarbon  species p re s e n t in  w e ig h t p e rce n t.
The m a th e m a tic a l m o d e l w as found to  be v a lid  in  the range  of 
8 1 ° F .  to 1 3 5 °F . using a  95% HgSO^ c a ta ly s t s ince the ra te  constants  
obeyed the A rrh e n iu s  th e o ry . The  re s u lt in g  f i r s t  o rd e r  ra te  constants  
ranged fro m  2 x  10 '̂  to  1 x  10^ sec, th e  second o rd e r  ra te  constants  
ranged  fro m  2 x  10® to  1 x  1 0 ^^ cc. /g m . m o le -s e c .
The p re d ic tio n s  obtained f ro m  the m o d e l inc luded: ( 1) y ie ld
(lb . p ro d u c ts /lb . Cg= fed ) in c re a s e d  both w ith  te m p e ra tu re  and
o le fin  feed co n cen tra tio n  in c re a s e ; (2 ) th e  d im ethylpen tane p ro d u ct
co n cen tra tio n  re m a in e d  constant w ith  in c re a s e  in  te m p e ra tu re  but
in c re a s e d  w ith  o le fin  fe e d  concentration; and (3) the octanes (c h ie fly
tr im e th y lp e n ta n e s ) d ecreased  w ith  in c re a s e  o f both  te m p e ra tu re  and
o le fin  feed  concentra tion . In  g e n era l, due to  th e  com bined e ffec ts
o f reduced concentrations o f octanes and in c re a s e d  y ie ld s  o f h e a v ie r
products , lo w e r  te m p e ra tu re s  and o le fin  fe e d  concentra tions  fa v o red
x v i i
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a m o re  c o m m e rc ia lly  d e s ira b le  product.
T h e  re s u lts  obtained a t 6 5 ° F .  and 95% H^SO^ in d ica ted  a 
s ig n ific a n t d e p a rtu re  f ro m  the p red ic tio n s  o f tba m a th e m a tic a l 
m o d e l. I t  is  b e lie v ed  th a t th is  w as  due to a  change in  re a c tio n  
m echzin ism  and gave h igh  ra te s  o f fo rm a tio n  o f Cg and C jq . T h e re  
w as an ap p aren t change in  s e le c t iv ity  o f th e  c a ta ly s t w hen the concen­
tra t io n  w as lo w e re d  to  90% HgSO^. T h is  re s u lte d  in  in c re a s e d  ra te s  
of fo rm a tio n  o f and C jq and d ecreased  ra te s  o f fo rm a tio n  o f Cg,
Cg and Cg.
X V l l l
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C H A P T E R  I
IN T R O D U C T IO N
I .  C o m m e rc ia l In te re s ts  and Facts
Im p o rta n ce  as an In d u s tr ia l P ro cess
C a ta ly tic  a lk y la tio n  o f isobutane w ith  v ario u s  o le fin s , p r in c i­
p a l o f w h ich  is  butene, as an in d u s tr ia l p rocess re c e iv e d  its  im petus  
fo r  developm ent by  W o rld  W a r  H . B eing  a  source o f h ig h -o ctan e  fu e l, 
its  p ro d u ctio n  le v e l had reach ed  150, 000 b a r re ls  p e r  day a t the end o f 
the w a r  due a lm o s t to ta lly  to a v ia tio n  needs (7 ). Due to  lo w e r  peace­
t im e  needs th is  f ig u re  w as cut in  h a lf r ig h t a f te r  the w a r  (7 ), but by  
i 960  the p ro d u ctio n  cap ac ity  o f the U n ited  States had reach ed  350, 000 
b. p . d. (2 ). The grow th  of th is  p rocess  points out its  im p o rta n ce  to  
the re fin in g  in d u s try .
R eactants  and P ro d u c t D e s c rip tio n
G e n e ra lly  the a lk y la tio n  re a c tio n  m a y  be considered  the re a c ­
tio n  of isobutane w ith  an o le fin  to y ie ld  m a in ly  the p r im a r y  p ro d u ct 
describ ed  as th a t one w hich  w ould a r is e  fro m  the com bination  o f one 
m o lecu le  of isobutane and one o f the o leH n, w ith  o th er secondary  p ro d ­
ucts , both h e a v ie r  and l ig h te r , being fo rm e d  to  a som ew hat le s s e r  
extent.
F o r  exam p le , the a lk y la t io n  o f isobutane w ith  b u te n e -1 o r
butene-2  w ould  re s u lt  in  a  p ro d u ct w ith  tr im e th y lp e n ta n e s  and
dim ethylhexanes  p red o m in atin g . H o w ever, o th e r com ponents f ro m
1
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isopentane to a dodecane s e rie s  would be p resen t in  s ig n ifican t 
q uantities  (7).
C a ta lys ts  Used
F o r  iso b u ta n e -o le fin  a lk y la tio n  the two cata lysts  g e n e ra lly  
used a re  s u lfu ric  and h yd ro flu o ric  ac id . Both a re  p ro tono ic  acids and 
th e re  a re  vario u s  reasons concern ing  handling, re c la im in g , e tc . , 
w hich  m akes  one m o re  o r les s  d e s ira b le  o v er the o th er. S u lfu ric  
ac id , how ever, has h is to r ic a l precedence (15) and as o f 1962 m a in ­
ta in ed  a lea d  o f about th re e  to one in  te rm s  o f capacity  (7 ).
Conditions of O p era tio n
In  c o m m e rc ia l processes using s u lfu ric  acid  the  te m p e ra tu re
(assum ing  the m o st com m on case as having butene as the o le fin ) is
g e n e ra lly  kept in  the range o f 4 5 ° F .  to 6 0 ° F . fo r  optim um  product
q u a lity . F o r  a h y d ro flu o ric  ac id  th is  fig u re  is  som ewhat h igher -
averag in g  about 8 0 ° F . H ig h e r te m p e ra tu re s  w ith  s u lfu ric  ac id  a re
u n d es irab le  due to  in c re a s e d  p o ly m e r fo rm a tio n  (15 ).
The o p tim um  s u lfu ric  ac id  co n cen tra tio n  as to peak product
q u a lity  (octane n u m b er, e tc . ) obtained is  about 95-96%  H 2 SO4  (27);
how ever, the usable range appears  to  l ie  betw een the lixh its  o f 99%
and 86%. Above th is  range SO3 reac ts  w ith  isobutane and beginning a t
about 88% and below  the ac id  degrades too ra p id ly  fo r  use (7 ).
The p ercen t ac id  in  em u ls io n  is  g e n e ra lly  kept in  the  range o f
50% o r  above to  in s u re  an  ac id  continuous em u ls io n . T h is  type o f 
em u ls io n  is  d e s ire d  to  produce the highest possib le  in te r fa c ia l a re a  of 
h yd rocarbon  exposed p e r  vo lum e o f h yd rocarbon  (7).
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Isobutane is  fed  to the re a c to r  in  excess of th a t re q u ire d  fo r  the  
p r im a ry  com bination  o f isobutane and the o le fin . N o rm a lly  in  te rm s  
o f vo lum es, the ra tio  o f isobutane to o le fin  g e n e ra lly  l ie s  in  the range  
of 6:1 to  10:1 (15). T h is  is  to  m in im iz e  the chance o f h igh concentra­
tions o f the o le fin  w ith in  the re a c to r  w h ich  w ould  cause p o ly m e riz a tio n  
of the o le fin .
A  high degree  o f m ix in g  is  a lso  em ployed to  keep the em uls ion  
fine and m in im iz e  the chances o f p o ly m e r fo rm a tio n . I f  s u ffic ien t 
m ass tra n s fe r  a re a  is  no t a va ilab le  the m o re  a c id  soluble (re la t iv e  to  
isobutane) o le fin  w i l l  m ig ra te  to  a c id  phase in  fa r  g re a te r  quantities  
than isobutane; thus, p roduct degradation  w i l l  o ccu r.
The  o le fin  space v e lo c ity , the vo lum e of o le fin  fed  p e r  volum e  
of c a ta ly s t p e r  hour, is  another process  v a r ia b le  w h ich  is  im p o rta n t. 
Low  space v e lo c itie s  a re  d e s ira b le  fro m  the  standpoint o f product 
q u a lity . The g e n e ra l range o f these v e lo c itie s  is  g e n e ra lly  around  
0. 1 to 0 .4  (15 ).
I I .  Uniqueness o f the A lk y la tio n  M e d iu m
The is o p a ra ffin  reac tan ts  and products  a re  re la t iv e ly  inso lub le  
in  both s u lfu ric  and h y d ro flu o ric  ac id . Because o f th is  two liq u id  
phases a re  a lw ays p re se n t. T h is  p h y s ic a l p ro p e rty  o f the system  
m akes i t  im p o s s ib le  to  d ire c t ly  tra c e  the  course  o f the re a c tio n  as the  
reac tan ts  and products  a re  only m e as u ra b le  in  the  hydrocarbon  phase, 
w h ereas  the b u lk  o f the re a c tio n  is  considered  to  p ro ceed  w ith in  the  
c a ta ly s t phase. A  fu r th e r  c o m p lica tio n  to  the  p ic tu re  is  the fa c t tha t
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the o le fins  a re  m uch m o re  soluble in  the ac id  phase than is  the is o p a r­
a ffin  (23 ). F o r  th is  reason, the ra te  o f m ass tra n s fe r  o f the is o p a ra ffin  
in to  the ca ta lys t phase is  p ro b ab ly  im p o rta n t when considering  re a c tio n  
ra te s . H ow ever, as th e re  e x is t no m easu rem en ts  o f the re a c tio n  ra te  
constants, the c h em ic a l re a c tio n  ra te s  and m ass  tra n s fe r  ra te s  a re  
not re a d ily  separab le  (7).
I I I .  P rev io u s  R e s ea rch  on M echan ism s and K in e tics  
o f Isobutane -  O le fin  A lk y la tio n
R e s ea rch  on th is  type o f a lk y la tio n  (iso b u tan e-o le fîn ) has 
la rg e ly  cen tered  on the s u lfu r ic  a c id  c a ta ly s t system . The scope of 
the vario u s  re s e a rc h  p ro b lem s  has inc luded  studies o f m ech an ism , 
k in e tic s  and the e ffe c t o f o p era tin g  v a r ia b le s  on the p ro d u ct q u a lity .
M ech an ism
V ario u s  studies have been p e rfo rm e d  and th e o rie s  p resen ted  
on the subject o f m echan ism ; how ever, the th e o re tic a l p re se n ta tio n  
of Louis  S ch m erlin g  (29) has been the  m o s t w id e ly  accepted base fo r  
m ech an is tic  w o rk . S ch m erlin g  has based his m ech an ism  on the c a r ­
bonium  ion  th eo ry  of reac tio n ; thus, a  p re se n ta tio n  o f th is  th e o ry  as 
i t  app lies  to isobutane -o le f in  a lk y la tio n  w i l l  be p resen ted  as a  
p re lu d e  to a  d e ta iled  d iscussion o f S ch m e rlin g 's  th eo ry .
The on ly  adequate, o v e ra ll m e ch an ism  proposed fo r  the  
a lk y la tio n  o f iso p ara ffin s  w ith  o le fîn s  is  based upon the carb o n iu m  
ion  th e o ry  o f re a c tio n  (29 ). A cco rd in g  to  th is  m ech an ism , carb o n iu m  
ions m ake  up the b u lk  o f the re a c tio n  in te rm e d ia te s . Thus, any
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k in e tic  study o f such a system  m ust n e c e s s a rily  be a k in e tic  study of 
carb o n iu m  io n  re ac tio n s  e ith e r  d ire c tly  o r  in d ire c tly .
The s im p le s t carb o n iu m  ion  is  the p o s itiv e ly  charged  d e r iv a ­
tiv e  of m ethane -  C H ^^. A l l  o th e r carb o n iu m  ions a re  d e r iv a tiv e s  o f 
th is  species -  w ith  one o r  m o re  o f the  hydrogen atom s being  re p la c ed  
by an  o rg an ic  group (3 ). Thus, fo r  a  cation  to  be considered  a  c a r ­
bonium  ion, the ch arg e  m u s t be considered  to  be "c e n te re d "  on a  
carbon  w ith  on ly  th re e  bonds (even  though i t  is  p ro b a b ly  d e lo ca lize d  
to  som e exten t), i .  e . , the io n  m u s t have an  even n u m b er o f e le c tro n s .
T h e  p a r t ic u la r  carb o n iu m  ion  considered  to  be the " c la s s ic "  
am ong carb o n iu m  ions is  th e  te rtia ry 4 :r ip h e n y lm e th y l carb o n iu m  io n . 
B a e ye r (3) studied the  ac tio n  o f trip h e n y lm e th a n o l in  s u lfu r ic  a c id .
T o  exp la in  the s a lt - l ik e  b e h a v io r (conductiv ity , c o lo r, e tc . ) o f such  
a so lution , a "c a rb o n iu m  v a le n c y"  betw een the o rg an ic  and in o rg an ic  
groups w as proposed. In  th is  case the groups w e re  the tr ip h e n y lm e th y l 
group and the hydrogen su lfa te  group and w as shown as fo llo w s:
(C 6 H 5 )gC  ----  HSO4
w h ere  the above sym bol (  im p lie s  th is  type  o f asso c ia tio n .
L a te r  w o rk  (3 ) gave evidence th a t th e  bond betw een  the  tw o  groups  
w as indeed io n ic , im p ly in g  th a t th e  p o s itiv e ly  ch arg ed  "carb o n iu m "  
ions w e re  re la t iv e ly  s tab le  enough so th a t the solutions exh ib ited  
e le c tro ly t ic  c h a ra c te r . T h e  o rg a n ic  catio n  and the  in o rg an ic  an ion
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m a y  be expressed  as
(C ^H 5 )gC +(HS0 4 ") a)
m uch lik e  an in o rg an ic  s a lt in  solution. The asso c iatio n  betw een the  
org an ic  and the in o rg an ic  groups in  s u lfu ric  acid  <ca ta lyzed  a lk y la tio n  
is  m uch the sam e as above. H o w ever, the phenyl groups a re  
re p la c ed  by o th er, g e n e ra lly  s im p le r , groups such as the  m e th y l 
groups re s u ltin g  in
(CH g)gC '^(HSO^-) b)
T h e  p r im a r y  d iffe re n c e  betw een a) and b) is  due to  the d if fe r ­
ence in  s ta b ility  betw een the two cations. A  m ix tu re  o f te r t ia r y  
isobutano l and s u lfu ric  a c id  w ould  e xh ib it m uch  le s s  e le c tro ly t ic  
c h a ra c te r  due to  an o rg an ic  c a tio n -in o rg an ic  anion ac tio n  them one o f 
tr ip h e n y lm e th a n o l and s u lfu ric  ac id , s ince the la t te r  o rg an ic  catio n  
is  m uch  m o re  stab le .
T h is  re la t iv e  s ta b ility  o f carb o n iu m  ions m u s t be considered  
in  a lk y la tio n  reac tio n s  as m an y  d iffe re n t types o f carbon ium  ions m u st 
e x is t a t one t im e  o r  an o th er to  e xp la in  the v a rio u s  re a c tio n  p roducts . 
In  the s im p le s t sense, re la t iv e  s ta b ility  m a y  be c o rre la te d  to  the  
re la t iv e  de locéiliza tion  o f the charge on the spec ies . T h e  m o re  
d e lo c a lize d  the charge the m o re  n e a r ly  n e u tra l the species behaves, 
and thus the m o re  s tab le  i t  is .  B y  th is  l in e  o f reason ing , th e  p r i ­
m a r y  (denoted as to  the carbon  having  lo s t the h yd rid e  ion) carb o n iu m
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ions w ould be the le a s t stable o f the species, the te r t ia r y  ions the m ost 
stab le , w ith  the secondary ions occupying the m id d le  ground.
I f  two com peting reac tio n s  in vo lve  say fo rm in g  a secondary  
carb o n iu m  ion  as an in te rm e d ia te  in  one and a te r t ia r y  in  the o th e r, the  
re a c tio n  fo rm in g  these te r t ia r y  ions w ould, on the basis  o f s ta b ility , 
be the p red o m in an t o f the  tw o . h i th is  m a n n er carbon ium  io n  s ta b ility  
w ould be expected to a ffe c t the vario u s  reac tio n s  in  a lk y la tio n .
A n o th er fa c to r  w h ich  governs th e  s ta b ility  o f a  carb o n iu m  ion  
is  the n a tu re  o f the ad jacen t groups to  the carbon  "b earin g " the  charge  
(3 ). S ince the charge in  th is  case is  p o s itiv e , ad jacent groups w h ich  
tend to  be e le c tro n  re p e llin g , such as s a tu ra ted  o rg an ic  groups, tend  
to be s ta b iliz in g  in flu en ces . (A d jacen t phenyl r in g s  in  ad d itio n  to  th is  
actio n  a lso  a llo w  the charge  to  be d is tr ib u te d  about th e m  g iv ing  fu r th e r  
s ta b ility  due to "resonance. ")
Then ,too , the s ize  o f the  io n  is  a  fa c to r , as the  la r g e r  the  
ion , the  m o re  su rface  a re a  fo r  the p o s itive  charge to  spread  out upon -  
the su rface  o f the  ion  be ing  considered  som ew hat lik e  the  su rface  of 
a conductor (3 ). A lso , on sa tu ra ted  hydrocarbons, fo r  exam ple , w ith  
each a d d itio n a l carbon th e re  should be co rresp o n d in g ly  less  a re a  
a v a ila b le  p e r  e le c tro n ; thus a  p o s itiv e  charge w ould  r d ie v e  e le c tro n  
re p u ls io n  on la rg e  ions.
Thus, g e n e ra lly  the la r g e r  the  te r t ia r y  ion , the  m o re  stab le  i t  
should be. So the  te r t ia r y  2 , 4 -d im e th y lp e n ty l io n  w ould  be expected  
to be lo n g e r liv e d  than i ts  " l i t t le  b ro th e r, "  th e  te r t ia r y  b u ty l io n , and
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thë reac tio n
u  'c-cr + C - C - C - C - C  ►C - C  + c-c-c-c -c
I I I  I I I
c c c C G C
w ould be expected to proceed. Consequently, in  the a lk y la tio n  of is o ­
butane w ith  p ropylene (o r buty lene, e tc . ) the isobutcine m u s t be 
p re s e n t in  la rg e  excess. T h is  la rg e  excess m a y  be considered  a ra te  
d riv in g  fo rc e , causing the above re a c tio n  to  p ro ceed  in  re v e rs e .
The in fluence  of s ta b ility  and th is  ra te  d riv in g  fo rc e  w ould  
d e fin ite ly  cause the re ac tio n
C -C  + C - C + - C  ► C -C '^  + C -C -C
C C
to proceed . The re v e rs e  o f th is  re a c tio n  w ould not be expected as, 
in  ad d itio n  to s ta b ility  argum ents , hydrogen fro m  a  secondary p o s i­
tio n  is  less  re a d ily  a b s trac ted  than  one fro m  a  t e r t ia r y  p o s itio n  (2 9 ). 
A  re ac tio n  such as
C -C  + R +  ► C -C  + R
I I
c C
w h ere  R  is  a  la rg e  te r t ia r y  io n  is  less  e a s ily  esq>lained. H o w ever, 
in  a lk y la tio n  such a  re a c tio n  is  g e n e ra lly  assum ed to o ccu r. S ta b ility  
argum ents  w ould im p ly  a lso  th a t th is  type o f re a c tio n  w ould  p roceed
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slow ly . The d r iv in g  fo rc e  fo r  th is  reac tio n , th e re fo re , would be the  
la rg e  excess o f isobutane p resen t.
S ta b ility  c r i t e r ia  m ay  a lso  be ap p lied  to  the fo rm atio n , of 
la r g e r  (re la t iv e  to the iso buty l ion) carbon ium  ions f ro m  a s m a lle r  
ion  and an o le fin  m o lec u le . F o r  exam p le , the fo rm a tio n  o f a  d im eth y l- 
penty l ion  w ould  be expected in  the  isobutane-propylene sys tem  to 
proceed  as (in te rm e d ia te  is o m e riz a tio n  o f the Cy io n  is  not shown)
? +  +
C -C ^  + C -C = C  ► C -C -C -C -C
I I Ic c c
A n a lte rn a te  path  in vo lv ing  two o th er species p re se n t in  the  
system  w ould be
+ +
C -C = C  + C - C - C  ► C - C -C - C -C
I I Ic c c
The fa c t, how ever, th a t th is  w ould invo lve  the re a c tio n  o f a 
secondary io n  w ould  not lend  credence to  the re a c tio n  p roceed ing  in  
th is  m an n er, as the secondary io n  w ould not be long liv e d  enough to  
re a c h  an ap p rec ia b le  co ncentra tion  as com pared  to  the t e r t ia r y  ion.
B eth d l and G old (3) em phasize  the im p o rtan ce  on the  fo rm a ­
tio n  of carb o n iu m  ions, i .  e . .
R X  ► r "'’ +  X *
w hen considering  any re a c tio n  in vo lv in g  carb o n iu m  io n  in te rm e d ia te s .
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T h is  concern  m a y  be qu ite  v a lid  w hen the s ta rtin g  compound is  a sa lt 
(o r e s te r ) such as R X , and the g e n era l re a c tio n  is
R X  + M A  ----^  R  A  + M X
w hich  m a y  be b ro ken  down in to  the fo llo w in g  steps:
R X  ► R +  + X
r '*' + M A  ► R A  + M"*"
M +  + X "  -----► M X
In  a lk y la tio n , how ever, o r ig in a lly  th e re  is  no o rg an ic  s a lt -  
ra th e r  th e re  is  the p u re  o rg an ic  compound, say p ro p y len e , and the  
acid  w h ich  supplies the anion, say s u lfu r ic  ac id  -  and w hat m a y  be 
co n sid ered  to  be a  compound analogous to the one above, m a y  be . 
fo rm e d  in  the in i t ia l  reac tio n :
C=C-C + H2SO4 ---- ► C-C-CCHSO^’ )
In  o th er carb o n iu m  io n  re ac tio n s  in  the  a lk y la te  system , the  
p r im a r y  sequence m a y  be shown as
+ ' V  C m M
< ^ + 4  + iC 4 ^ i C 4 +  +  C m W
I
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I f  associations and d issociations o f the e s te rs  a re  inc luded
+ -  ks
<=m+4 +  ^
C m + 4 ^ - ^ C m + 4  +  X ’
+  k g ^  —  +
C + 4  +  +  iC ^
iC^'*' +  X -  iC ^ X
fo u r ad d itio n a l reac tio n s  a re  ' added. . H o w e ve r, the sum  o f the  
reac tio n s  is  s t i l l  the p r im a r y  sequence as above. I f  any  o f the  
above e s te rs  w e re  to  e n te r in to  any re a c tio n  in  w h ich  the  d isso c ia tio n  
is  not re p re s e n te d  by
C .X   + X1 1
then the fo rm a tio n  and d isso c ia tio n  steps fo r  th a t e s te r  m u s t re m a in  
in  th is  sequence. H o w ever, in  a lk y la tio n , th is  type o f e s te r  re a c ­
tio n  w ould be the  on ly  p o ssib le  one to  o ccu r. F o r  the in c lu s io n  o f 
these re a c tio n s , the o v e ra ll  ra te s  o f fo rm a tio n  fo r  the sequence 
shown w ould  be
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= k s l c ^ j l x - ]  -  k jc m + 4 x ] »)
' i C 4 + = k ^ B c ^ x ] -  k 2 [ i C / ] [ c ^ = ]
+ k s f c i J B c J  -  k J i C 4 + ] [x - ]  c)
' c ±m +4
m
' x -  ■ ^
= k 2 [ c ^ = ] [ iC 4 +] -  k j [ c ^ J [ x - ]
+ k j c m + 4 x ]  -  k ; [ c ^ 4 4 ] [ iC 4 ]  d)
= k 2 [ c  = ][iC 4 + ] e)
^ m + 4
1B C 4 X ] .  k j t ^ J H  
+ k 4 [ c ^ 44x ]  -  k j i C 4 + ] [ x - ]  £)
= 8 )
T h e  n e t ra te s  o f fo rm a tio n  o f the e s te rs , equations a  and b, m a y  be 
taken  as ze ro . T h is  m a y  be done since no e s te r  is  found in  an  
a lk y la te  product, and no no ticeab le  volum e change o f the ac id  occurs . 
A ls o , the reac tio n s  re p res e n te d  by equations a  and b  a re  the only  
re ac tio n s  in  w hich  each o f these e s te rs  takes part. (T h e  sam e m a y  
not be done fo r  the io n  fo rm a tio n s , as these a re  not the on ly  re a c ­
tions in  w h ich  they  ap p ear. ) I f  th is  is  done andequations a  and b 
substitu ted  in to  c, d, e, f  and g, then the end re s u lt  is :
r , „  = - k 2 [ iC 4 ^ ] [c ^ = ]  4  k 5 [ c ^ J [ i C 4 ]1C4
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k2['c/][c^=] - k;[c + J [ i c j
" s K J N
w h ich  is  p re c is e ly  the re s u lt obtained w hen e s te r  reac tio n s  a re  not 
considered . Thus, co n sid era tio n  o f e s te r reac tio n s  o f the type above  
generates  tw o ra te  constants fo r  each e s te r  considered , but on ly  one 
ra te  equation m a y  be w r it te n  expressing  the re la tio n s h ip  these two  
ra te  constants b e a r in  a lk y la tio n , i .  e.»
" iC 4X  = 0 = + k 4 [ i c j [ x - ]
N e ith e r  o f these constants w i l l  ap p ear in  an o ther ra te  equation inde­
pendently  of the o th er. These ra te  constants, th e re fo re , cannot be  
solved fo r  in  a  k in e tic  an alys is  o f a lk y la tio n . Consequently, a  
k in e tic  m odel d e riv e d  on the basis  o f a  steady state s e rie s  o f ra te  
equations w i l l  not be ab le  to handle the e s te r reactions  re g a rd le s s  of 
th e ir  im p o rtan ce  in  the sequence.
The only o ther type of re a c tio n  in vo lv in g  carbon ium  ions to  
o ccu r in  th is  a lk y la tio n  system  is  the fu r th e r  loss  o f a  hydride  fro m  
a carb o n iu m  ion  to fo rm  an o le fîn ic  in te rm e d ia te ; s p e c ific a lly
C -Ç +  +  HSO4 " -----► C -C  +  H 2 SO4
c c




I I + Il
C -C H S O 4  -----► C -C  + HSO^  ^  C -C  + H2 SO4
C C C
i f  d isso c ia tio n  o f the e s te r  is  im p o rta n t.
The S ch m erlin g  T h e o ry  o f A lk y la tio n
The fo llow ing  is  a p re se n ta tio n  o f the S ch m erlin g  m ech an ism  
using the iso b u tan e-p ro p ylen e  sys tem  as an  exam p le . T h e  m ech a ­
n is m  is  based on the  carb o n iu m  io n  th e o ry  o f re ac tio n .
A . A  p ro p y len e  m o lecu le  w ith in  the a c id  phase re a c ts  w ith  the  
c a ta ly s t to  fo rm  the p ro p y l carb o n iu m  ion:
C = C -C  + H 2 SO4   ^  C 3 -  C -C C H SO ^-)
B . The secondary ion  fo rm e d  is  not as stab le  as the p o te n tia l 
t e r t ia r y  b u ty l ion; thus, the fo llo w in g  re a c tio n  occurs
C C
I . 1 +
C -C  + C -C  -C (H S O .- )   ► C -C  ( H S O r )  + C -C -C
I I ^c c
as the p ro p y l io n  a b s trac ts  a h yd rid e  io n  fro m  isobutane. The ne t 
d riv in g  fo rc e  fo r  th is  re a c tio n  is  the g re a te r  s ta b ility  o f the te r t ia r y -  
buty l carb o n iu m  io n  as com pared  to  the s e c o n d a ry -p ro p y l -  ca rb o n iu m  
ion .
The  above reac tio n s  constitu te  th e  in it ia t io n  re a c tio n  fo r  
a lk y la tio n  of isobutane w ith  p ro p y len e . As such th ey  p ro ceed  to  only
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a l im ite d  extent; s ince (as w i l l  be shown) once the te r t ia ry -b n ty l-  
carb o n iu m  io n  is  fo rm e d , the  p r im a r y  reac tio n s  to fo rm  2, 3 -  and 
2, 4 - d im ethylpentane fro m  the re a c tio n  o f and Cg w i l l  p ro ceed  
w ith  no fu r th e r  a id  f ro m  re ac tio n s  A  and B . T h is  is  not the case, 
how ever, fo r  c e rta in  re ac tio n s  o th e r them p r im a r y  reac tio n s  as w i l l  
be shown la te r .
C. A n  a lte rn a te  in it ia t io n  sequence m a y  a lso  app ly  (the asso­
c ia ted  HSO^“ w i l l  be shown on ly  as needed):




C -C  + C - C - C - C  - C  -----► C -C  + C - C - C - C - C
I I I Ic c c c
T h e sam e reason ing  w ith  re s p e c t to  the p r im a r y  édkylation  
re a c tio n  app lies  to  these re ac tio n s  a lso .
D . The p r im a r y  re a c tio n  -  the s im p le s t s to c h io m etric  re a c ­
tio n  -  in vo lves : ( 1) re a c tio n  o f p ro p y len e  w ith  th e  t e r t ia r y  carb o n iu m  
ion  to g ive the  secondary  2 , 2 - d im eth y lp e n ty l ion
C C
' +  IC -C  + C -C = C  -----► C -C -C -C T -C
I Ic c
(2) a  m e th id e  s h ift to  fo rm  the  t e r t ia r y  2, 4  is o m e r  
C C H 3
C - C - C - C - C  ^ C - C - C - C - C
I I Tc c c
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and (3) then the a b s trac tio n  o f a hydride  fro m  isobutane by one of the  
te r t ia r y  ions to fo rm  the p r im a r y  p roduct and to  re g e n e ra te  the  
t e r t ia r y  b u ty l ion.
C C
' +  ' +C-C + C-C -C-C-C  ► C-C^ + C-C-C-C-C
I I I  I I Ic c c c c c
T he o v e ra ll re a c tio n  is
^ 3 ^ 6  + ^ 4 « 1 0  — ► S « 1 6
E . T h e re  a re  m an y  side re ac tio n s , c h ie f am ong w h ich  is  the  
s e lf -a lk y la tio n  step. H e re  the te r t ia r y  b u ty l io n  fo rm s  iso buty lene, 
v ia  hydrogen tra n s fe r , and subsequently a lk y la te s  an o th er t e r t ia r y  
buty l ion  to fo rm  the t e r t ia r y  2 , 2 , 4 -tr im e th y lp e n ty l c a rb o n iu m  ion .
In  o rd e r  to fo rm  the e x tra  b u ty l ion  re q u ire d , the in it ia t io n  re a c tio n
1m u st occur.
C = C -C  + HgSO^ ----- ^  C -C ^ -C  + H S q4
C -C  4* C —C —C C -C  4" C —C —c
I Ic c
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C C
I . _ Il
C-C+ + HSO^  ^  C -C  + HgSO^
C C
C -C  + C=C-C  ---- ^  C -C -C -C  -C
i l  I I
The tr im e th y lp e n ty l ions m a y  undergo is o m e riz a tio n  (m a in ly  
to the 2, 2, 3 and 2, 3, 4  is o m e rs ) b e fo re  a b s trac tin g  hydride  ions  
fro m  isobutane to y ie ld  the oct«me fra c tio n .
C C C C
' + ' w ' ' +C -C -C -C  -C  + C -C  -----► C -C -C -C -C  + C-C^
I I  I I I  I
C C C C C c
The o v e ra ll re a c tio n  is
^ 3 ^ 6  + 2 C ^ H io  — ► C g H jg  + C3 H 3
F . O th e r side reac tio n s  in  a lk y la tio n  a re  g e n e ra lly  re fe r re d  
to as "d e s tru c tiv e  a lk y la tio n . " T h e y  a re  so nam ed since fu r th e r  
reac tio n s  of the p r im a r y  in te rm e d ia te s  (the d im eth y lp en ty l ions) a re  
in vo lved .
Am ong these reac tio n s  a re  the v a rio u s  routes  to  fo rm  the  
decyl io n  and its  s a tu ra ted  c o u n te rp art decane. The m o s t lo g ic a l 
ro u te  is  analogous to the re ac tio n  o f the iso b u ty l carbon ium  ion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
18
w ith  p ropylene -  th a t of the te r t ia ry -d im e th y lp e n ty l cation  w ith  p ro p y ­
len e . T h is  route  is  supported by the fo llow ing  fac ts . T h e re  should  
be re la t iv e ly  la rg e  quantities  o f each species p resen t in  the ca ta lys t 
phase (as propy lene  is  v e ry  soluble in  H 2SO4  and the d im ethylpen ­
tane s a re  second in  quantity  to  isobutane w ith in  the hydrocarbon  
phase). A ls o , th is  re a c tio n  invo lves  the s im p le s t s to cb io m etry  o f 
any route  to fo rm  the C jg  species.
C
+ I +
C - C - C  - C - C  + C = C -C   ► C - C - C - C - C  - C
I I  I I
C C C Ç
c
The above ion  w i l l  m o s t l ik e ly  rearrzm g e  (p robab ly  to a  te tra m e th y l-  
h exyl ion) due to the fa c t i t  is  secondary a n d /o r  re ac ts  w ith  isobutane  
to fo rm  the decane coneger.
The o v e ra ll re a c tio n  is
C4 H 10 + ZCgH^ ► C jq I^ 2
A lthough the above schem e is  not m entioned s p e c ific a lly  by  
S ch m erlin g  and o th ers , i t  is  co m p le te ly  analogous to  the a lk y la tio n  
o f iso p ara ffin s  such as isobutane and isopentane w ith  p ropy lene  as  
re p o rte d  by Kennedy (16). Thus, as i t  is  consistent w ith  the  
S ch m erlin g  m echan ism , i t  is  inc luded  h ere .
A n o th er ro u te  to decanes invo lves  the re a c tio n  o f a  d im e th y l-  
b u ty l ion  (the fo rm a tio n  o f th is  ion, a lso  a  d e s tru c tiv e  a lk y la tio n
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re ac tio n , w i l l  be il lu s tra te d  la te r  in  th is  section). The 2, 3 -d im e th y l-  
bu ty l ion  m a y  lose a p ro to n  to fo rm  a 2, 3 -d im eth y lb u ten e  in te rm e d ia te .
C -C + -C -C  + HSO^“ -----► C =C -C -C  + HgSO^
C C C C
Th is  u n satu rate  can re a c t w ith  a te r t ia r y -b u ty l  carb o n iu m  io n  to fo rm  
a te r t ia r y  decyl ion.
C C
C-C  + C =C -C -C   ► C -C -C -C  -C -CI I I  I r I
c c c c c c
T h is  io n  can re a c t w ith  isobutane to  fo rm  the  re sp e c tive  
decane o r  re a rra n g e  to an o th er is o m e r of the decyl ion  £ind go to th a t 
decane o r  undergo scission .
D ata  (29) in d ica tes  that fo rm a tio n  o f the d ecy l io n  v ia  the  
d im eth y lb u ty l io n  is  som ew hat u n lik e ly  due to  the re la t iv e  in e rtn es s  
o f 2 , 3 - d im ethylbutane to  a lk y la tio n  w ith  isobutane in  the p resence  of 
te r t ia r y  b u ty lflu o rid e . A ls o , the concentra tion  o f the re s u ltin g  hexyl 
u nsaturate  m a y  be in fe r re d  to be quite  lo w  as co m p ared  to  a  hepty l 
ion  o r  propy lene , m akin g  th is  route  o f fo rm a tio n  o f decyl species  
m uch less  p robab le  than the fo rm e r  ro u te ,
A  d iscussion o f the above reac tio n s  should inc lude  the  p o ss i­
b i l i t y  o f sc iss io n  o f the d ecy l ion . T h is  sc iss io n  in  the iso butane- 
propy lene  sys tem  w ould m o s t lo g ic a lly  re s u lt  in  the fo rm a tio n  o f two  
p en ty l species, as o th er types o f sp littin g  u s u a lly  considered  (29) w ould
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re s u lt  in  fo rm a tio n  o f iso b u ty l o r p ro p y l species. Both of these a re  
a lre a d y  p re s e n t in  re la t iv e ly  la rg e  quantities  in  th is  sys tem  and  
w ould  be considered  a ra te  d r iv in g  fo rc e  opposite to scission .
The o v e ra ll  sc iss io n  re a c tio n  is  understood to be p receded  by  
a hydride  and a  m eth id e  sh ift;
C
I +  +
C - C - C - C  - C - C   ► C - C  - C - C - C - C
I I I  I I I I
c c c c c c c
and then scission .
c-c^-c-c -c-c  — ► c-c^-c-c + c-c=c-c
I I I I  I I
c c c c c c
S till  an o th er p o ss ib le  ro u te  fo r  fo rm in g  the v ario u s  d ecy l 
species (ions and sa tu ra tes ) is  the  re a c tio n  o f isopentene w ith  the  
iso p en ty l ion.
C C
' +  +  I
C -C = C -C  + C - C - C  -----► C -C  - C - C - C - C
I I I I Ic c c c c
T h is  is  p ro b a b ly  not a  s ig n ific a n t re a c tio n  as i t  in vo lves  the  
fo rm a tio n  f i r s t  of one o f the reac tan ts  f ro m  the  o th e r and both w ould  
be in  v e ry  s m a ll q u an tities  com pared  to  the  reac tan ts  o f the p reced in g  
rou te  fo r  decyl species fo rm a tio n  (7 ). A ls o  i t  has been re p o rte d  (16) 
th a t the above re a c tio n  w ou ld  have a  strong tendency to  p ro ceed  in  the
f
opposite d ire c tio n  as d iscussed p re v io u s ly . H o w ever, i f  the above
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decy l io n  undergoes re a rra n g e m e n t, the re a c tio n  m a y  proceed  
(a p p a ren tly  when the feed  is o p a ra ff in  is  isopentane) and subsequent 
d isp ro p o rtio n a tio n  occurs ( 16 ) (29 ).
C
C - C = C - C  + C - C - C ^ - C  -----^  ( C. n^)   ►C - C +  + C - C = C - C - C
I I  I I
c c c c
T h is  re a c tio n  p ro b a b ly  is  in s ig n ific a n t in  the a lk y la tio n  o f isobutane, 
as the la rg e  q u an tity  o f isobutane p re s e n t in  the re ac tin g  m e d iu m  
w ould cause th is  re a c tio n  to  re v e rs e .
A n o th er im p o rta n t re a c tio n  in  the ca teg o ry  o f d e s tru c tiv e  
a lk y la tio n  is  the fo rm a tio n  o f isopentane and 2, 3 -  d im ethylbutane. 
F ir s t ,  the d im eth y lp en ty l io n  undergoes hydrogen tra n s fe r  y ie ld in g  a  
d im et hylpentene.
C - C - C - C ‘*'-C  + HSO^" -----► C -C -C = C -C  + I^ S O ^
C C C C
Second, the u n satu ra te  subsequently reac ts  w ith  a  t e r t ia r y  b u ty l io n  
to fo rm  an undecyl ion  w h ich  re a d ily  is o m e r iz e s .
C
I
C C -C -C
'+   ̂ . I I
C -C -C = C -C  + C -C  -----► C - C - C - C - C
I I  I I Ic c c c c










I I I I
c c c c
T h ird , the la rg e  io n  thus fo rm e d  c rac k s  in to  isopentene and the  
d im eth y lb u ty l ion.
C
^ I C—C —C—C—C—c 
I I I I
c c c c
C —C—C—C + C—C —C—c  
I I I
c c c
F o u rth , the p a ra ffin s  corresponding  to the above o le f in  and io n  a re  
fo rm e d  as fo llow s:
C-C=C-C + 112̂ 0̂  
c
C-C-C-C + HSO4  
c
c











c-c‘‘’-c-c + C-C 
I I IC C c
I jc-c-c-c + C -C
I I I
c c c
The o v e ra ll re a c tio n  is
C 3H 6 + 2 C ^ H ,g
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T h e re  is  another route  to fo rm  the two products above in  the 
iso b u tan e-p ro p ylen e  schem e; how ever, an ethylene in te rm e d ia te  is  
invo lved , and since s u lfu ric  ac id  is  a  "p o o r" c a ta ly s t fo r  ethylene  
a lk y la tio n  (31), th is  route  is  not a lo g ic a l one.
Since isopentane and 2, 3 - «md 2, 4 - d im ethylpentane a re  fo rm ed  
during  the hydrogen tra n s fe r  re a c tio n  of isobutane in  the presence of 
^ b u t y l  f lu o rid e  and boron flu o rid e  (29), the scission  o f the 2, 3, 4 -  
tr im e th y lp e n ty l ion  to isopentene and the secondary p ro p y l cation  is  
a lo g ic a l step.
C -C -C ^ -C -C  -----► C -C = C -C  + C -C ^ -C
I I I  Ic c c c
The extent o f th is  re a c tio n  in  the isobutane propy lene  system  w ould  
be d iffic u lt, i f  not im p o ss ib le , to  d e te rm in e  since both products a re  
generated  to a  la rg e  extent by reactio n s  a lre a d y  shown. A t ciny ra te , 
the extent o f th is  re a c tio n  is  p ro b ab ly  re la t iv e ly  s m a ll due to the  
presence  of the products o f the re a c tio n  in  re la t iv e ly  la rg e  quantities , 
and th e re  is  l i t t le  ju s tif ic a tio n  fo r  considering  i t  in  the  p ro p y len e - 
isobutane system . W hen n -bu tene  is  used as the feed  o le fin , th is  
m a y  be an im p o rta n t re ac tio n .
S ch m erlin g  does not s p e c ific a lly  m en tio n  the m ech an ism  by  
w hich  the nonyl (c h ie fly  tr im e th y lh e x y l) species is  fo rm e d  in  the
propylene system . H ow ever, data ex is ts  (7 ) w h ich  in d ica tes  th a t a
/
».
la rg e  am ount o f tr im e th y l hexane is  fo rm e d  in  the  a lk y la tio n  o f
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isobutane w ith  isopentenes, a l l  is o m e rs  of w h ich  a re  p robab ly  p resen t 
in  iso b u tan e-p ro p ylen e  a lk y la tio n . The re ac tio n  is  p robab ly
C C
I , I +
C -C -C = C  + C -C +  ----- ► C - C -C -C  - C- C
I i l l
c c c c
w ith  the io n  subsequently undergoing a  h yd rid e  s h ift, then  re ac tin g
w ith  isobutane to fo rm  the s a tu ra te . T h is  re a c tio n  is  consistent 
w ith  the S ch m erlin g  m echan ism .
A nother possib le  ro u te  w ould be the com bination  o f the 2, 3 -  
d im eth y lb u ty l io n  w ith  propy lene .
C - C - C  —C 4* C —C —C C—C —C —C —c  —c
I I  I I
c c c c
The predom inance o f one o v e r the o th e r would be d iff ic u lt  
to d e te rm in e  fro m  e x p e rim e n ta l data as both the Cg and C^ species  
a re  la rg e ly  fo rm e d  by the sam e re a c tio n  and only  the d iffe re n ce  in  
th e ir  m o la r  concentrations as sa tu ra ted  species w ould g ive any  
c lu e . T h is  d iffe re n ce  is  g e n e ra lly  s m a ll enough as to  im p ly  both  
reac tio n s  proceed  to about the sam e extent. H o w ever, 2 , 2 , 5 -  
tr im e th y lh e x an e  u s u a lly  m akes  up m o re  than 50% o f the nonanes. 
Thus, the fo rm e r  is  the m o s t p lau s ib le  re ac tio n .
The o v e ra ll re a c tio n  fo r  the isopentene schem e w ould  be
3 C4 H 10 + 2CgH^ — >  C g H i4  + CgHgg + C^Hg
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N ote th a t in  th is  case propane is  fo rm e d , im p ly in g  that the in it ia t io n  
re a c tio n  m u s t p ro ceed  to supply one of the te r t ia ry -b u ty l carbon ium
ions.
T h a t fo r  the d im eth y lb u ty l ion  schem e w ould  be
2 C4 H 10 + — ► = 5 “ l2  + <=9»20
Since no propane is  fo rm e d  by th is  schem e, i t  is  possib le  th a t a 
m e a s u re m e n t o f the y ie ld  o f propane w ould  be a  w ay  to in fe r  how m uch  
nonane is  fo rm e d  by w hat re a c tio n . H o w ever, the: nonane fo ira a -: •• 
t io n  is  s m a ll as_ com pared  to  octane fo rm a tio n  in  th is  system  -  
an o th er propane p ro d u c e r.. T h e re  w ou ld  be a  p ro b le m  w ith  acc u ra cy  
in  using the propane fo rm e d  as a m eans o f d e te rm in in g  the  p ro p e r  
re ac tio n s . In  m any cases the d e te rm in a tio n  o f propane in  such a  
sam ple  o f a lk y la te  w ould  be sub ject to  enough e r r o r  to d isguise the  
s m a ll am ount fo rm e d  v ia  any nonane fo rm a tio n . *
O th er M ech an ism  Studies
W h ile  the S ch m erlin g  m e ch a n is m  has enjoyed m uch  p o p u la rity  
and m uch re s e a rc h  has been based on i t ,  th e re  a re  p ro b le m s  w h ich  
som e fe e l tha t i t  does not adequ ate ly  exp la in . In  h is  th eo ry , 
S ch m e rlin g  im p lie s  th a t a l l  octanes a re  fo rm e d  v ia  the sam e g e n era l 
re a c tio n  w hen p ro p y len e  is  used even  though the fo rm a tio n  o f the
*  The s tandard  m ethod  o f an a ly s is  o f such a m ix tu re  u til iz e s  
a c a p il la ry  c o lu m n  equipped, te m p e ra tu re -p ro g ra m m e d  gas ch ro m ato ­
g rap h . T h e  th in , sharp  peak fro m  a  lo w  b o ile r  such as propane is  the  
source  o f m uch e r r o r  in  d e te rm in in g  th is  com ponent's  re la t iv e  w e ig h t 
p e rc e n t.
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trim e th y lp e n ta n e s  is  the m ost lo g ic a l. When butenes a re  used, i t  is  
assum ed that d im ethyIhexanes a r is e  fro m  d ire c t a lk y la tio n  o f butene -1
(13 ). Th is  assum es th a t butene-1  is  p re s e n t re g a rd le s s  o f w h eth er  
butene -1  o r  butene - 2  is  fed  to the ra p id  is o m e riz a tio n  and subsequent 
e q u ilib r iu m  betw een bu tene-1  and b u ten e -2 . H ow ever, exp erim en ts  
c a r r ie d  out by Z im m e rm a n , K e lly , and Dean (33) pointed out th a t th is  
source of d im ethylhexane  w ould not be p re s e n t w hen iso buty lene is  
used as the on ly  feed  o le fin  and y e t 15. 2% o f the observed  octanes  
consisted of d im ethylhexane s. T h is  is  to be com pared  w ith  15. 3% fo r  
butene-1  and 11.6%  fo r  b u ten e -2 . The authors e3q>lained th is  by  
postu la ting  the  is o m e r iz a tio n  o f the tr im e th y lp e n ty l io n  to  the d i-  
m e th y lh e x y l io n  w h ich  w ou ld  subsequently fo rm  d im ethylhexanes .
H ofm ann and S c h rie s h e im  (11) also used the th re e  butene  
is o m e rs  to a lk y la te  isobutane. One of th e ir  goals w as to d e te rm in e  
the sources o f d im ethylhexanes . C arbon  14 tagged o le fin s  w e re  used, 
and the re la t iv e  sp ec ific  a c t iv ity  o f the products w e re  analyzed .
W hen using iso buty lene  the a c t iv ity  o f the d im ethylhexane fra c tio n  
was found to be t r ip le  th a t o f the tr im e th y lp e n ta n e s . The re la t iv e  
sp ec ific  a c t iv ity  o f the  d im ethylhexanes w hen butene - 1 w as used was  
found to be about h a lf again  as g re a t as the trim e th y lp e n ta n e s . The  
authors concluded fro m  these re s u lts : (1) S e lf a lk y la t io n  o f isobutane  
is  s ig n ific a n t even w hen the o le fin  is  a  butene -  the g e n era l re a c tio n  
being
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iC ^ H , + — ► iC g H jg
and (2 ) the fo rm a tio n  o f d im ethylhexanes m u s t be p a r t ia l ly  due to 
d im e r iz a tio n  of isobuty lene (e ith e r  in  the feed  s tre a m  o r fo rm e d  v ia  
the re a c tio n  above) v ia  an a lly l ic  ion.
C = C -C ‘*‘ + C = C -C   ► C = C -C -C -C ^ -C
I I I Ic c c c
A n  e a r l ie r  p a p er (10) by the authors showed the source of the a lly l ic  
io n  to  be
iC  h '*’ + iC  H   ^  iC  H  + iC  H
n n+1 4  8 n  n+2 4  8
T h e y  stated th a t 2, 5 -d im e th y lh e x a d ie n e -l, 5, the p re c u rs o r  o f the Cg 
ion  above, can be s a tu ra ted  to  a  d im ethylhexane v ia  hydrogen tra n s fe r .  
T h ese  reac tio n s  w e re  not shown, but p re su m a b ly  th ey  occur as 
fo llo w s  :
C = C -C -C -C ^ -C  + C -C -C  ----- ^  C = C -C -C -C -C  + C -c t_ C
I I  I I I Ic c c c c c
C = C -C -C -C -C  +  ► C -C ^ -C -C -C -C
I I  I Ic c c c
C -C ^ - C - C - C - C  + C -C -C  ----- ^  C - C - C - C - C - C  +  c-c^-c
I I  I I I Ic c c c c c
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Thus, a reasonable  route  fo r  the fo rm a tio n  o f a d im ethylhexane is  
through the com bination of isobutylene w ith  its  io n ic  co u n terp art, the  
a lly l ic  ion  and subsequent satu ratio n .
Kennedy ( 16) used data obtained fro m  the is o m e riz a tio n  of 
dim ethylpentanes prom oted  by iso p ro p y l f lu o rid e  -  boron tr if lu o r id e  
to p re s e n t a ra th e r  unique route  o f fo rm a tio n  o f d im ethylhexanes. 
When e ith e r  the 2, 3 o r  2 ,4  is o m e r w as used, a re la t iv e ly  s ig n ifican t 
p a rt of the p roduct w as octanes and hexanes. O f the octanes, only  
dim ethylhexanes w e re  p resen t; o f the hexanes, the m ethylpentanes  
w e re  the la rg e s t fra c tio n . Kennedy postu lated  th a t in  a  system  
containing d im eth y lp en ty l cations (such as in  the a lk y la tio n  o f isobu­
tane w ith  p ropylene) the fo llow ing  reac tio n s  m ig h t occur:
C - C - C - C ‘‘’-C   ► C -C -C = C -C  +
I I  I I
C C C C
c - c - c - c ^ - c  + c - c - c = c - c  — ► c ,
I I  I I
c  c  c  c
14
c , /  — ► c - c - c - c = c - c  + C -C -C ^-C14 I I  I I
c  c  c  c
(o r  C -C  —C -C -C )  
I
C
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The exact is o m e rs  fo rm e d  w ould be dependent upon the extent
o f the is o m e riz a tio n  o f the C , . ion .14
The o v e ra ll re a c tio n  i f  th is  w e re  to  occur in  the iso butane- 
p ropy lene  sys tem  w ould be
2C H , + 2C H   ► C H  + C H
3 6 4  10 6  14 8 18
A  m o re  recen t w o rk  by M osby (23) in vo lv in g  a lk y la tio n  o f is o ­
butane w ith  b u tene-1  a t v ario u s  re te n tio n  tim e s  w ith  a  range o f 15 to 
60 seconds shows the y ie ld s  o f d im ethylhexanes and trim e th y lp e n ta n e s  
do not v a ry  in  the sam e m an n er w ith  re te n tio n  t im e . T h is  in d ica tes  
tha t, fo r  butene - 1 a t le a s t, the d im ethylhexanes a re  not fo rm e d  by  
is o m e r iz a tio n  o f tr im e th y lp e n ty l ions. R a th e r the data supports  
Iv e rs o n  and S ch m e rlin g 's  (13)conclusions th a t the d ire c t a lk y la tio n  o f 
butene - 1 is  the c h ie f source o f the d im ethylhexane, i .  e . ,
C C
'+  I .
C -C  + C = C -C -C  -----► C - C - C - C - C - C
I Ic c
No conclusions w e re  d raw n , how ever, concern ing  the o th er tw o o le fin  
is o m e rs  w ith  re sp e c t to d im ethylhexane fo rm a tio n .
A nother conclusion d raw n  fro m  th is  w o rk  w as th a t nonanes  
appear to be products o f the re a c tio n  o f isopentane and the feed  
butenes in  an analogous m a n n e r to  the a lk y la tio n  o f isobutane to fo rm  
octanes. T h is  again  m a y  be a conclusion o n ly  v a lid  fo r  butene
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a lk y la tio n . In  the case o f p ro p y len e  a lk y la tio n  th e re  is  the la rg e  
p o s s ib ility  th a t the isopentene in te rm e d ia te s  fo rm e d  re a c t w ith  is o ­
butane to fo rm  nonanes.
Both the w o rk  o f Hofm ann and S ch rie s h e im  (11) and th a t o f  
M osby and A lb r ig h t (2 4 )in d ic a te  th a t the lig h te r  fra c tio n s  (Cg, and 
C^) a lk y la te  obtained in  i  s obutane -  butene a lk y la tio n  re s u lt  f ro m  
crack in g  o f a ion . T h is  does a g re e  w ith  the S ch m erlin g  hypo­
th es is  o f fo rm a tio n  o f pentanes and hexanes v ia  a  ion  in  iso b u tan e- 
propylene a lk y la tio n . A  p o in t of d iffe re n c e  h e re  is  th a t a t  le a s t som e  
o f the C j 2^ w a s  considered  to be the butene t r im e r .  W hereas  
S ch m erlin g  considered  the C j j  io n  a  re s u lt  o f fu r th e r  re a c tio n  o f Gy 
in te rm e d ia te s  w ith  isobutane. T h is  la t te r  w ou ld  im p ly  th e  C jg  io n  
a r is e s  fro m  fu r th e r  re a c tio n  o f Cg in te rm e d ia te s  ra th e r  than p o ly ­
m e r iz a tio n . I t  p ro b a b ly  is  the case th a t p o ly m e riz a tio n  is  m o re  o f 
a fa c to r  in  lig h t p ro d u ct fo rm a tio n  in  the  case o f butene th an  in  the  
case o f propene w h e re  the t r im e r  w ould  be a  C^ spec ies . The reaso n  
is  tha t sc iss ion  o f th is  species w ould  e ith e r  fo r m  isobutane o r  n o rm a l  
butane to g e th er w ith  isopentane. The isobutane is  u n lik e ly  due to  
the a lre a d y  high co n cen tra tio n  o f th is  species p resent: and the  
n o rm a l butane because o f the  absence o f th is  com pound in  p ro p y le n e -  
isobutane a lk y la te  products  (7 ).
A n o th er p ro b le m  not ad eq u ate ly  exp la ined  by  th e  S ch m e rlin g  
m ech an ism  is  c o m p a ra tiv e ly  la rg e  v a r ia tio n s  o f the  co m p o sitio n  o f  
the a lk y la te  o v e r a  s m a ll range o f a c id  con cen tra tio n . The s iz e  o f
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the e ffec ts  -  a  decrease  in  two octane num bers  fo r  a d ecrease  in  ac id  
co n cen tra tio n  o f fro m  95% to 89% by w t. (7) does not seem  to be 
re a d ily  exp la ined  by the ra th e r  s im p le  re ac tio n  o f the o le fin  and ac id  
as shown in  the S ch m erlin g  sequence. E ven  less  exp licab le  by th is  
th e o ry  is  the fa c t th a t p roduct q u a lity  is  b e tte r  a t  an a c id  con cen tra ­
tio n  of 95-96%  than a t e ith e r  h ig h er o r  lo w e r  strengths (7 ). C upit, 
Gwyn and J e m ig a n  c la r ify  the s itu a tio n  som ew hat b y  speaking o f 
" o v e ra ll"  c a ta ly s t a c t iv ity  w h ich  inc ludes " ( 1) its  a b ility  to  produce  
carb o n iu m  ions v ia  pro ton  tra n s fe r  to  o le fin ic  m o lecu les  and (2 ) its  
s o lu b ility  fo r  isobutane, since fo rm a tio n  of sa tu ra ted  p ro d u ct occurs  
v ia  h y d r id e -io n  tra n s fe r  fro m  isobutane to  a lk y la te  range carb o n iu m  
ions. " (7) The a b ility  o f the a c id  to  p ro tonate  an  o le fin  should be 
p ro p o rtio n a l to the s trength  o f the acid ; how ever, isobutane s o lu b ility  
is  in c re a s e d  as the ac id  is  o rg a n ic a lly  d ilu ted . T h is  w ould  exp la in  the  
fa c t tha t the o p tim um  a c id  co n cen tra tio n  is  not the  h ighest co n cen tra ­
tio n  (exclud ing  "fu m in g " ac id ).
H ofm ann and S ch rie s h e im  concluded that the organ ic  d iluents  
th em selves  could ( 1) a id  in  isobutane s o lu b ility  a n d /o r  (2 ) a c t as 
in te rm e d ia te s  in  hydride  tra n s fe r  re ac tio n s  -  e ith e r  ac tio n  w ould have  
the sam e n e t e ffe c t of a llo w in g  "a lk y la tio n  to occur betw een isobutane  
and the o le fin ."  The  authors contacted an a c id  sludge w ith  isobutane  
and obtained a  product w h ich  in d ica ted  (to them ) th a t the h yd rid e  tra n s ­
fe r  fu n ctio n  o f the d iluen t was m o st im p o rta n t. M osby (23) on the
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o th er hand, fe lt  that the s o lu b ility  o f isobutane e ffec t is  m o re  im p o r ­
tan t since his data in d ica ted  h ig h er a c id  strengths gave h ig h er ra tes  o f 
hyd rid e  tra n s fe r  f ro m  isobutane.
S ch m e rlin g 's  th e o ry  in d ica tes  th a t the carb o n iu m  ions th e m ­
selves  act as in te rm e d ia te s , im p ly in g  the anions and cations re m a in  
m o re  o r  less  d isasso cia ted  m uch as an in o rg an ic  s a lt in  solution.
A lso , the g e n e ra l conception has been th a t conditions w h ich  a llo w  
stab le  o le fin  es te rs  (c o m p le te ly  assoc iated  anion and cation  as opposed 
to a s a l t - in -  so lu tion  e ffec t) to fo rm  le a d  to  a m uch degraded product 
(7) (4 ). T h is  idea  has le n t m uch  support to S ch m e rlin g 's  io n ic  
m ech an ism . S h leg eris  (30, 31) how ever, c ites  th re e  Texaco  patents  
w h ich  in d ica te  th a t under the p ro p e r conditions d ip ro p y l e s te rs  fo rm e d  
by re a c tin g  p ro p y len e  w ith  spent a lk y la te  a c id  could be contacted w ith  
isobutane and a lk y la te  and re g en e ra te d  s u lfu r ic  a c id  obta ined. H is  
data f ro m  a  s m a ll, f iv e -s ta g e  re a c to r  showed the p resen ce  o f o le fin  
p o ly m e riz a tio n  products  a t lo w  re te n tio n  tim e s  w h ich  he concluded to  
be in te rm e d ia te s  to a lk y la te  fo rm a tio n . N oting  a lso  th a t N a w o rsk i 
(25) obtained v e ry  high re a c tio n  ra te s  fo r  the  p o ly m e riz a tio n  of 
butene -1  in  s u lfu r ic  a c id , he has proposed a s lig h tly  d iffe re n t g e n e ra l 
m ech an ism  than S c h m e rlin g 's . A ssum ing  conditions w h ich  m in im iz e  
high lo c a l concentrations o f o le fin , i t  is :
1) HgSO^ + O le f in  ► E s te r
2) E s te r  + Isobutane ----- ► P r im a r y  A lk y la te
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T h is  schem e, how ever, does not ru le  out carbon ium  ions as 
in te rm e d ia te s ; i t  m a y  serv e , how ever, to show that the fo rm a tio n  of 
the carbon ium  ion  by the re ac tio n
E s te r  ------► C arbon ium  Ion + A nion
m ay  indeed be ra te  lim it in g  in  a lk y la tio n  as B e th e ll and Gold suggest 
fo r  reactions  in vo lv ing  carbon ium  ions in  g enera l.
K in etics
Because of the p h ys ica l p ro b lem s invo lved  w ith  a lk y la tio n  
the developm ent of a d e ta iled  k in e tic  m o d e l is  y e t to be included in  • 
re s e a rc h  on th is  system . One w o rk  in  the a re a  of k in e tics  and m ass  
t ra n s fe r  ex is ts , but the c h e m is try  assum ed has been s im p lifie d  to 
the point o f including only "C g" and "o ther a lk y la te "  to  obta in  a  
m odel. The w o rk  was p e rfo rm e d  by Jem ig an , Gwyn, and C la rid g e
(14) and has served  to po int up the m ass tra n s fe r  lim ita tio n s  w hich  
e x is t in  a lky la tio n .
F iv e  g en era l reactions  w e re  assum ed:
1. C n iH zn i + C n iH z I i+ l
2 . ^ n Z ^ n 2+2
3 . ^ n i^ 2n + l ^ “ 2« 2U2+1 -%  CngH zng+l
4 . % “ 2=3+1
5. *'113*4^3+1 + C yH jy+l
No d is c rim in a tio n  w as m ade betw een a secondary-butyl o r  t e r t ia r y -  
b u ty l cation  re ac tin g  w ith  butene and p resu m ab ly  they  assum ed k
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would be the same fo r  e ith e r  case. A lso  the s ize  of the o le fin  o r  
p a ra ffin  w as not a p a ra m e te r  -  i .  e . , n  m a y  take  on s e v e ra l values  
fo r  each of the above reac tio n s .
A  fu r th e r  assum ption  m ade was tha t " a l l  a lk y la te  is  produced  
v ia  Cg carbon ium  ions. " T h is  m a y  be su m m arize d  using equations 2, 
3 and 5 above w ith  values o f U j= 4 , 112=8 , and n ^ l 2 .
6 . C g H i /  + _ %  C g H ig  + C4 H ,+
7. C8H17+ + C^Hg C12H25+
8. ^^2^25^ 5 other alkylate
A ssum ing an id e a lly  m ix e d  re a c to r  a t  steady sta te , the 
fo llow ing  ra te  equations w e re  w ritte n :
1) The o v e ra ll ra te  o f dep letion  of the o le fin  w as found 
using equations ( 1) and (2 ).
'C 4 H 8 " ^ l [ ^ 4 Hg] + k g [c ^ H g ]|C n H 2n + 1]  a )
w h ere  the o le fin  re a c tio n  ra te , w as com puted as
the o le fin  feed  ra te  p e r  u n it vo lum e of ac id  in  the re a c to r  
a n d [C jjIÎ2 j j^ J is  the to ta l concentra tion  o f a l l  the c a r ­
bonium  ions w ith in  the ca ta lys t.
2) The production  and consum ption o f carb o n iu m  ions w e re  
set equal using reac tio n s  (1) êind (4 ).
o r
k l ^ H g ]  .
K H 2 . + J  = b)
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3) The substitu tion  o f the expression  f o r j w a s  m ade  
in  the o le fin  balance to give:
k s k i
'C ^ H g  = [ c 4 Hg]2  c)
4) A t steady state  the to ta l nu m b er o f ions in  the re a c tio n  
m ed iu m  could be considered  constant, and th ey  in te r ­
p re te d  k j^ C ^ H g j to be equal to the ra te  o f p o ly m e r fo rm a ­
tio n . T h is  w as assum ed n e g lig ib le  w ith  re s p e c t to  the  
a lk y la te  fo rm a tio n  w hich  is  rep resen ted  by
k4
The p rev io u s  equation s im p lif ie s  to:
'C 4H 8  i l --------
and re a rra n g in g  g ives the o le fin  co n cen tra tio n  in  the  
ca ta ly s t phase.
w  = j k ik s
5) The ra te  o f m ass  tra n s fe r  o f isobutane in to  the  ac id  
phase w as set equal to  its  consum ption b y  ch em ica l 
re ac tio n .
^ . [ ‘ C A o I h C  -  [ ‘ C4 H 1J
= •= 3 [iC 4 H j([c „ H j„+ J  - [iC 4H ,+ ]) f)
w h e re  | i C . H , ^ l  = co n cen tra tio n  o f isobutane in  th e  hydro-
L 4  lO lH C  , ,carbon  phase
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= to ta l carb o n iu m  ions in  the system  
kyy, = isobutane m ass tra n s fe r  c o e ffic ie n t
A  = isobutane m ass tra n s fe r  a re a  p e r  un it
vo lum e o f ac id
= d is tr ib u tio n  c o e ffic ie n t o f isobutane  
betw een phases
Solving the above equation fo r  the isobutane concentration  
in  the ac id  phase g ives
t V l o ]  = ----------- _ K b | c 4 H j H Ç  -̂-----------  g)
6 ) T h e  re a c tio n  ra te s  of Cg and "o th e r a lk y la te "  w e re  solved  
fo r  using equations 6 , 7, and 8 :
Equation  6 :
'Cg = k z b g H ^ i [ iC 4 H j h)
Equations 7 and 8 w e re  com bined (assum ing  e v id en tly  -  
the authors d id  not e x p lic it ly  say so -  th a t CJ2 H 2 5 '*’ w as  
the sole ro u te  of fo rm a tio n  fo r  a l l  o th e r a lk y la te ),
C 12^25^  w as e lim in a te d , and kg and kg w e re  com bined  
but s t i l l  te rm e d  kg:
^o th er a lk y la te  “ ^ 3 [^ 8 ® 1 7 *^ [^ 4 ^ 8 3  
and d iv id in g  the ra te  equation f r o m  re a c tio n  (6 ) by  the
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ra te  equation fo r  reactions  (7) and (8 ) g ives
o th e r a lk y la te
kz iC 4 H io ]
ks C 4 % ] j)
Substituting fo r  and [c ^ H g j, noting  th a t by
equation (f  )
([Cn«2n+J -
w h ere  is  the fra c tio n  of carb o n iu m  ions w hich  a re  not 
carb o n iu m  ions
k r [ iC 4 H iQ ] jjc
- — iS a   .  C  ,  k ^ K i r - ^  =
o th er a lk y la te  j^C^Hg
w h ere  k kgk4
k l
and Q is  defined as an  o v e ra ll s e v e r ity  p a ra m e te r .  
A  s e v e r ity  fa c to r  J w as defined
[ i C 4 H j j  H c
^  ■ f C 4 H g  
and substitu ting  fo r  ^C4 H jo j in  the p rev io u s  equation  
and re a rra n g in g
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1 ^  K l
^Cg^^other a lk y la te  ^
C upit e t a l . (7) used the c o rre la tio n  fo r  the m ean  drop  
d ia m e te r ca lcu la ted  by the m ethods o f Handlos and 
B aron, K o lm ogoro ff, and L an g lo is  to obtain the m ass  
tra n s fe r  a re a . Th is  is
A  = C '
w h ere  C = constant o f p ro p o rtio n a lity
V  = vo lum e fra c tio n  of a c id  in  the system
H  = vo lum e fra c tio n  of hydrocarbon  in  the  
system
Hg = vo lum e fra c tio n  of to ta l hydrocarbon that 
is  e m u ls ifie d
Thus
^Cg^^other a lk y la te  k r  km C K b  (H e)(H )
-  k
 ̂   . G  o)
r km C K b
A  p lo t of J fa c to r vs. G  y ie ld s  1 /k ^  and K j/{k jj^ C K |j). 
The values w e re  34. 9 fo r  1 /k j. and 33. 9 fo r  K j/k jj^ C K b . 
V ario u s  values fo r  Q w e re  ca lcu la ted  using equation (k) in
o th er a lk y la te  '
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The use of the c o rre la tio n s  obtained lie  in  the p a ra m e te r  Q. Both 
a lk y la te  q u a lity  (^cg/rQ^j^gy a lk y la te ) octane num ber w e re  
found to  be re la te d  to Q by the g e n era l l in e a r  re la tio n
y  = m Q  + b
w h ere  y  is  the independent v a r ia b le  in  question, m  is  the slope of the  
p lo t, and b is  the in te rc e p t. The value  fo r  m  in  both cases was  
p o s itiv e . A lso , the in c re a s e  o f the through C j j  y ie ld  and d ecrease  
of the C i 2 ~ y ie ld  w e re  both found Hb be a p p ro x im a te ly  lin e a r  func­
tions o f Q on a  lo g -lo g  p lo t.
In  obtaining the f in a l re s u lts  (n u m e ric a l), a  d e ta iled  c h a ra c ­
te r iz a t io n  of the em u ls io n  (inc lud ing  em uls ion  se ttlin g  curves to  
obta in  the volum e o f hydrocarbon e m u ls ifie d  p e r  vo lum e o f stable  
em u ls io n  and the vo lum e o f ac id  in  the re a c to r ) had to  be p e rfo rm e d . 
T h is  was a n ecess ity  as the a lk y la te  q u a lity  ra t io  w as found to be a 
strong function o f the p e rc e n t a c id  in  em uls ion . Them, too, the  
hydrocarbon  was not 100% e m u ls ifie d  u n til the a c id  in  the em u ls io n  
reach ed  a t le a s t 48%. A t th is  po in t the authors s tated  that m ass  
t r a n s fe r  a re a  (assum ing ap p ro x im ate  id e a l m ix in g ) becam e m a x i­
m u m . A lk y la te  q u a lity , how ever, tended to  peak a t a  va lue  o f 60% 
ac id  in  em u ls io n  due to "opposing effec ts  o f the d ecreas in g  space  
v e lo c ity  and decreasing  m ass tra n s fe r  a re a . "
I t  w ould appear, th e re fo re , th a t such em u ls io n  c h a ra c te r iz a ­
tio n  w ould  be unnecessary  i f  the fo llo w in g  conditions w e re  m e t:
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1. The hydrocarbon  m u st be 100% e m u ls ifie d .
2. The ac id  in  em u ls io n  should be about 60% b y  vo lum e.
3. The ag ita tio n  should be such th a t id e a l m ix in g  is
ap p ro xim ated .
As i t  does c o rre la te  w e ll  the  a lk y la te  q u a lity  and p e rfo rm a n c e  n u m ­
b e r w ith  the group known as the s e v e r ity  p a ra m e te r , th is  type o f 
m odel is  p a r t ic u la r ly  suited to p re d ic t p rocess  op eratio n s. I t  does 
not, how ever, g ive m o re  than a  l i t t le  in s ig h t to the tru e  k in e tic s  o f 
the a lk y la tio n  reac tio n s  due to the gross c h e m is try  assum ed. The  
m odel does po in t out th a t m ass tra n s fe r  lim ita t io n s  do e x is t fo r  is o ­
butane tra n s fe r  in to  the ac id  phase. H o w ever, the exten t o f th is  
lim ita t io n  can on ly  be d e te rm in e d  q u a lita t iv e ly  w ith  s e v e r ity  o f  
operatio n , as i t  is  not sep arab le  m a th e m a tic a lly  f r o m  re a c tio n  ra te  
effec ts .
A n o th er w o rk , p e rfo rm e d  by N a w o rsk i (25), is  a  study o f the  
k in e tic s  o f bu tehe-1  p o ly m e riz a tio n  in  s u lfu r ic  a c id . Though not 
d ire c tly  re la te d  to a lk y la tio n  system s, i t  is  a p p licab le  s ince th is  is  
considered  to be a com peting re a c tio n  under less  than id e a l condi­
tions . Using a c a p il la ry  flo w  re a c to r , he found a f i r s t  o rd e r  ra te  
constant (assum ing f i r s t  o rd e r  k in e tic s ) o f f r o m  1. 7 to  13. 8 x  10^ 
sec. “  ̂ a t 2 5 °C . depending on the value of the d iffu s iv ity  he c a lc u ­
la te d  fro m  the W ilk e -C h an g  equation. I t  is  in te re s tin g  to note th a t 
these values w e re  15% lo w e r  than those he found a t 17. 5^C . H e  
does not exp la in  th is  anom aly , how ever.
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He w as forced (fro m  the la c k  of a v a ila b le  data) to use a s ingle, 
te m p e ra tu re -in d e p e n d e n t value fo r  the s o lu b ility  o f butene -1  in  
s u lfu r ic  ac id  fo r  the c a lcu la tio n  o f the ra te  constants. H e  assum ed  
th is  value  to equal the va lu e  o f isobutane a t 5 6 °F . The fa c t th a t butene  
is  p ro b a b ly  fa r  m o re  soluble than th is  would in d ica te  th a t h is  re p o rte d  
values could be o ff by m o re  than the o rd e r of m agnitude o f acc u ra cy  
he c la im e d . R eg ard less  of th is , the w o rk  shows the p o ly m e riz a tio n  
re a c tio n  to be ra p id . I t  q u a n tita tiv e ly  c o n firm s  the need fo r  m in i­
m iz in g  o le fin  concentrations in  a lk y la tio n .
A lso , along the sam e lines  S hlegeris  has proposed  the fo rm a ­
tio n  of a lk y la te  v ia  e s te rs  fo rm e d  by the actio n  o f the a c id  on the o le ­
fin ; how ever, he proposes th a t too high a  co n cen tra tio n  o f o le fin  
suppresses th is  re a c tio n  in  fa v o r o f p o ly m e riz a tio n .
. O p era tin g  V a ria b le s
R e s e a rc h  on the o p tim iza tio n  o f p rocess  v a r ia b le s  to  obta in  
h ig h er q u a lit ie s  of a lk y la te  -  i .  e . , to  m a x im iz e  the p r im a r y  re a c tio n  
p ro d u ct -  dates back to  the in i t ia l  stages o f c o m m e rc ia l use in  the  
la te  1930 's . The w o rks  of B irc h  e t a L (4), M c A ll is te r  e t aJL(21) and  
Ip a t ie f f  and P in es  (1 2 )a re  exam ples  o f th is  e a r ly  w o rk - H o w ever, 
th is  la s t re s e a rc h  is  on ly  re la te d  to a lk y la tio n .
B irc h  et a l. a lky la ted  v a rio u s  o le fin s  u n d er v a ry in g  re a c tio n  
conditions. A  s ig n iH cant o b serva tio n  w as m ade re g a rd in g  the su l­
fu r ic  a c id  c a ta ly zed  iso b u tan e-p ro p y len e  a lk y la tio n . W hen the 3?teac- 
tio n  w as a ttem p ted  a t 2 0 °C . using 97% s u lfu r ic  ac id , on ly  iso p ro p y l
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hydrogen sulfate and the corresponding p o ly m ers  w e re  fo rm ed .
Using 101. 7% acid  a t th is  te m p e ra tu re , how ever, they obtained  
a lk y la tio n  -  90% of the debutanized product b o iled  below  150°C . (the 
b o ilin g  point of n o rm a l nonane being 150. 5 °C . ).
M c A llis te r  and c o -w o rk e rs  obtained a p roduct consisting of 
about 70% d im ethylpentanes when a lk y la tin g  isobutane w ith  propylene  
a t 3 0 °C . using a s u lfu r ic  ac id  ca ta lys t o f 98%. T h is  w o rk  was p r i ­
m a r i ly  concerned w ith  obtain ing a re a c tio n  m ech an ism  through  
re a c tio n  of v ario u s  o le fin s  w ith  isobutane; how ever, one o f the by­
products of the w o rk  was the re p o rtin g  o f good o p eratin g  te m p e ra tu re s  
and c a ta ly s t concentrations.
Ip a tie f f  and P in es  v a r ie d  the te m p e ra tu re  and q u an tity  and 
s tren g th  o f s u lfu ric  ac id  in  exp erim en ts  in vo lv in g  the p o ly m e riza tio n  
of o le fin s  in  s u lfu ric  ac id . O f spec ia l s ig n ifican ce  to a lk y la tio n  was  
the fa c t that the y ie ld  o f p a ra ff in ic  hydrocarbons decreased  con­
s id e ra b ly  w ith  the d ecrease  in  s u lfu ric  a c id  co n centra tion . In  fac t, 
w ith  a concentra tion  o f less  than  87% no p a ra ffin ic  hydrocarbons w e re  
fo rm e d . T h is  would im p ly  that a c id  concentrations below  around  
87% would a lso  give h igh am ounts o f u nsaturates  in  a lk y la tio n , 
degrading product q u a lity .
W o rk  in  th is  a re a  s ince is  vo lum inous. V a r ia b le s  o f 
in te re s t have been v a r ia tio n s  o f o le fin  and is o p a ra ffîn ; c a ta ly s t 
a c t iv it ie s , com position , and p h y s ic a l p ro p e rtie s ; a c id  strength  and 
consum ption; te m p e ra tu re ; is o p a ra ffin  to  o le fin  ra tio s ; o le fin  space
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v e lo c itie s ; and the degree o f m ix in g  and m ass tra n s fe r  (7) • Cupit, 
Gwyn, and Jern ig an  (7) ; Jones (15); Putney (27); and S chm erling  (29) 
a l l  p re se n t a good s u m m ary  of the re su lts  of the re s e a rc h  in  this  
a re a . As m ig h t be expected m o s t of th is  w o rk  in  a lk y la tio n  is  con­
cerned  w ith  isobutane-butene a lk y la tio n . H ow ever, o f la te  th e re  has 
been an in c re a s in g  in te re s t in  propy lene  a lky la tio n ; and, th ere fo re , 
in c re a s in g ly  m o re  e ffo r t  has been put in to  the in ves tig a tio n  o f th is  
process  (11, 17).
P ro p ylen e  a lk y la tio n  proposes s e v e ra l p ro b lem s. P ro p ylen e  
fo rm s  s tro n g er bonds w ith  s u lfu r ic  ac id  (and h y d ro flu o ric ) than do the  
butene is o m e rs  (7); th e re fo re , g e n e ra lly  h igher te m p e ra tu re s  and 
a c id itie s  appear to be needed fo r  a lk y la tio n . In  re ac tin g  p u re  p ro p y ­
lene w ith  isobutane i t  has been d iff ic u lt  to obtain a  s a tis fa c to ry  
a lk y la te  as to  low  end points , p e rfo rm a n ce  n u m b ers , e tc . Butenes  
have been shown to a c t as good p ro m o te rs  of p ropylene a lk y la tio n  33). 
A c id  consum ption (lb . ac id  d eg rad e d /g a l. a lk y la te  produced) is  
re p o rte d  by C upit and co -au th o rs  (7) to  be 2 1 /2  to 3 tim e s  h ig h er fo r  
p ro p y len e  than fo r  isobutane under the sam e conditions.
One w o rk  w h ich  has sought to solve these p ro b lem s on a  
c o m m e rc ia l scale is  th a t o f Knoble and Hebert (17). The c o m m e rc ia l 
u n it w hich  they  re p o rt th e ir  re s u lts  fro m  was in it ia l ly  fed  w ith  100% 
p ropy lene  fo r  the o le fin . H o w ever, th is  caused ra p id  s u lfu ric  acid  
d epletion  -  f ro m  99. 5 to  82. 5% in  the f i r s t  30 hours o f operatio n . A  
ra t io  o f 6 5 /3 5  by vo lum e o f p ropy lene  to  butene was then substituted
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re su ltin g  in  y ie ld s  of good a lk y la te  (F -1  -  3 cc. octane num bers  
equal to  100 p lus , and ac id  consum ption les s  than 2 pounds p e r  
gallon  o f a lk y la te ). T h is  a lk y la te , how ever, had an end point o f 
4 3 0 + °F . and a 4 0 0 °F . end p o in t w as d es ired . T h e re fo re , o th er  
v a ria b le s , in c lu d in g  te m p e ra tu re , e x te rn a l isobutane to  o le fin  ra tio ,  
ac id  concentration , p e rc e n t p ropylene in  the o le fin , im p e lle r  speed, 
and p e rce n t ac id  in  the em uls ion  w e re  in vestig a ted .
O ver the ranges o f v a r ia b le s  in ves tig a ted  -  8 /1  to 15 /1  is o -  
butane to o le fin , 96 to 85 w eigh t p e rc e n t ac id , 40 to  6 5 ° F . , 510 to  
620 rp m  on im p e lle r  speed, 50 to 70 p e rc e n t p ropy lene  in  o le fin , zind 
50 to 65 p e rce n t ac id  in  em uls ion  -  the la rg e s t im p ro ve m e n t o c cu rre d  
w hen the im p e lle r  speed w as ra is e d  to 620  rp m  and the  p e rce n t o f 
ac id  in  em ulsion  w as ra is e d  to 65%. T h is  in d ica ted  th a t adequate  
m ass tra n s fe r  is  even m o re  c r it ic a l  w ith  p ropy lene  than w ith  butene  
a lk y la tio n .
Knoble and H e b e rt w e re  ab le  to d ra w  s e v e ra l conclusions  
f ro m  th is  w o rk:
1. P ro p y len e  concentrations o f 95% and g re a te r  (w ith  re sp e c t  
to the to ta l o le fin  in  the feed) m a y  be su ccess fu lly  a lk y la te d  in  a  
s u lfu r ic  ac id  c a ta ly s t. The product obtained ty p ic a lly  m a y  have 
high octane n um bers  and les s  than 4 0 0 °F . end po in ts , and the ac id  
assum ption  m a y  be decreased  by about o n e -h a lf.
2 . "T h e  k e y  to successfu l a lk y la tio n  o f p ropy lene  is  a  h igh ly  
d isp ersed  re a c to r  em u ls io n , w h ich  re s u lts  p r im a r i ly  fronq the
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co n tro l o f two v a ria b le s  -  the degree  of m ix in g  and the percen tage  
ac id  in  the re a c to r . "
3. The o th er a lk y la tio n  conditions (te m p e ra tu re , isobutane  
to  o le fin  ra tio , and ac id  streng th ) a re  about the sam e as those fo r  
butene. H e re  the authors presuppose that p u re  p ropy lene  is  not 
being a lk y la ted .
4. G re a te r  pow er fo r  m ix in g  is  re q u ire d  fo r  p ro p y len e  than  
fo r  butene.
The above w o rk , w h ile  f a i r ly  extens ive , lea v es  one m a in  
question unansw ered -  under w h at conditions m a y  p ropy lene  as the  
sole o le fin  be a lk y la te d  w ith  isobutane in  s u lfu ric  ac id  and have the  
p r im a r y  reactions  o f fo rm a tio n  o f isoheptanes p red o m in ate?  A ls o , 
w hat a re  the qu an tita tive  e ffec ts  o f v a ria tio n s  in  these conditions on  
the p r im a r y  and secondary reactions?  O bviously  m o re  re s e a rc h  is  
needed in  th is  a re a  o f a lk y la tio n .
One o f the m o s t re c e n t a ttem pts  a t c o rre la tin g  o p era tin g  
v a ria b le s  w ith  p ro d u ct q u a lity  is  the w o rk  o f S h legeris  and A lb r ig h t  
(31) fo r  p ropy lene  and butylene a lk y la tio n . In  add ition  to the m e c h ­
an ism  studies, c o rre la tio n s  w e re  m ade using a le a s t squares a n a ly ­
sis o f data on the e ffe c t on p ro d u ct d is trib u tio n s  b y  the v a r ia b le s  o f  
feed , ac id  strength , a g ita to r  speed, re te n tio n  t im e , and v a r ia t io n  o f 
the o le fin . M o re  im p o rta n t to  th is  w o rk  w e re  the re s u lts  obtained  
using 99% p u re  p ropy lene  as the  o le fin  feed  -  o v e r a  te m p e ra tu re  
range  f ro m  10°C . to 4 0 °C . T h e  re s u lta n t y ie ld  w as h ig h er and o f a
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h ig h e r q u a lity  (the p e rce n t heptanes reached  a m a x im u m  at 2 5 °C . and 
then decreased; how ever, the heavy ends decreased  co ntinua lly ). 
In c re a s in g  the a g ita to r  speed fro m  600 to 3, 000 rp m  produced even  
a m o re  m a rk e d  in c re a s e  in  p roduct q u a lity , and y ie ld s  o f product 
w e re  h ig h er w ith  h ig h er ac id  s tren g th . I t  appears  again  th a t one of 
the m o st im p o rta n t fa c to rs  in  a lk y la tio n  o f p ro p y len e  is  the degree  
o f m ix in g .
S h le g e ris  and A lb r ig h t do an sw e r some im p o rta n t questions  
about e ffects  o f o peratin g  v a r ia b le s  on a lk y la tio n . T h ey  a lso  estab ­
lis h  th a t p r im a r y  a lk y la tio n  re ac tio n s  a re  e x tre m e ly  fa s t (res id en ce  
tim e s  w e re  f ro m  5 to 60 seconds in  obta in ing  good y ie ld s ), but th a t 
m o s t o f the p roduct m a y  be due to  the  s lo w er secondary reac tio n s .
No a tte m p t to c a lc u la te  the ra te  constants w as m ad e, how ever.
M ix in g  and M ass  T ra n s fe r  in  L iq u id -L iq u id  
H eterogeneous R eac tio n  System s
A n  im p o rta n t p a r t  o f the a n a ly s is  o f the a lk y la tio n  reac tio n s  
is  to d e te rm in e  the re la t io n  betw een m ass  tra n s fe r  and the tru e  ra te s  
o f re a c tio n . G e n e ra lly , on ly  the o v e ra ll ra te s  o f m a ss  tra n s fe r  m a y  
be eva luated  as the am ounts o f hyd ro carb o n  in  the  a c id  phase a re  not 
re a d ily  d e te rm in a b le . The o v e ra ll ra te  o f m ass  tra n s fe r  fo r  a  com ­
ponent m a y  be found by m akin g  a m a te r ia l  ba lance on th is  com ponent 
in  the hydrocarbon  phase:
M o le s  C j in  -  m o les  C j out = consum ption o f C j by  
re a c tio n  = ra te  o f m ass  tra n s fe r  o f in to  the ac id  phase
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M a th e m a tic a lly , the ra te  of m ass tra n s fe r  m ay  be stated
w h ere  = o v e ra ll ra te  of m ass tra n s fe r  betw een phases
o f com ponent i
k  = m ass tra n s fe r  c o e ffic ien t o f com ponent i
through the ac id
A  = a re a  o f m ass  tra n s fe r
= d is tr ib u tio n  co e ffic ien t o f com ponent i  
betw een hydrocarbon  and a c id  phases
concentra tion
H C , ac id  = subscrip ts  in d ica tin g  hydrocarbon  and a c id  
phases
The p ro b le m  is , o f course, th a t the on ly  "knowns" in  the  
equation a re  N j and jc j j j jC *  H o w ever, k ^ .  A , and ^ a re  the
m o s t im p o rta n t v a ria b le s  w h ich  a ffe c t the p roduct d is trib u tio n .
In  the w o rk  of Je rn ig an  et a l  (14) an  eva luation  o f a  group of 
p a ra m e te rs  w as m ade as discussed in  the p rev ious  section. T h is  
inc luded  the p roduct k ^ _ AKj^_. H o w ever, k^y,. and K g . m u s t be 
d e te rm in e d  in d iv id u a lly  to  eva luate  T h is  is  not possib le  w ith
the m o d e l obtained by the author.
In  g en era l, the eva luation  o f the m ass  tra n s fe r  te rm s  k ^ . .  A , 
e t c . , in  liq u id -liq u id  system s has been c a r r ie d  out in  n o n -re a c tin g  
system s (32) (19 ). In  th is  type o f e x p e rim e n ta l w o rk  the  values of 
concentrations in  both phases have been eva luated . A ls o , the  a re a  
o f m ass  tra n s fe r  has been studied v is u a lly  (32 ).
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As a g en era l ru le  m o st discussions of liq u id -liq u id  m ass tra n s fe r  
(w ith  o r w ithout re ac tio n ) a re  la rg e ly  th e o re tic a l (5 ). E xp e rim en ta l 
m easu rem en ts  w hich  apply to a system  such as a lk y la tio n  a re  a ll  
but absent fro m  the l i te ra tu r e  as conventional m eans o f bubble s ize  
d e te rm in a tio n s , co ncentra tion  d e te rm in a tio n s , e t c . , a re  in ap p licab le .
A s a re s u lt, the b est th a t can be done is  to ap p ro xim ate  the  
system  w ith  a n o n reac tin g  system  w ith  s im ila r  p h ys ica l p ro p e rtie s . 
M a llo y  and T a y lo r  (19) have done th is  type of w o rk  w ith  a  system  
w h ich  has ap p ro x im ated  a lk y la tio n  conditions. T h e y  used a h o rizo n ­
ta l, c y lin d r ic a l continuous s t ir re d  tan k . H eavy a lk y la te  (bo iling  
f ro m  300 to 4 5 0 °F . ) w as used as the d isp ersed  feed, and a  51% by  
volum e solution  o f co rn  syrup w as used as the continuous phase. (The  
p h y s ic a l p ro p e rtie s  a c tu a lly  ap p ro x im ated  those of an a lu m in u m  
h a lid e -h y d ro c arb o n  system  ra th e r  than a  s u lfu r ic  ac id  -  hydrocarbon  
system . The on ly  p r in c ip le  d iffe re n ce , how ever, is  the g re a te r  
v is c o s ity  of the s u lfu ric  ac id . Th is  w ould cause the  m ass tra n s fe r  
co effic ien ts  re p o rte d  in  th is  w o rk  to be h igher than expected fro m  a  
s u lfu r ic  ac id  system . )
T h e  d ia m e te r  of the v es s e l w as 7. 5 inches . The ra tio s  o f 
the d ia m e te r  o f the tu rb in e  and the em uls ion  depth to  the  re a c to r  
d ia m e te r  w e re  0 . 35 and 0. 81 re s p e c tiv e ly . The re a c to r  was 14% 
b a ffled , and the tu rb in e  was lo cated  1. 1 t im e s  its  own d ia m e te r  
f ro m  the bottom  o f the re a c to r .
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A ce tic  acid  was contained in  the a lk y la te  and was tra n s fe rre d  
to the syrup solution. B y  m e asu rin g  the o v e ra ll ra te  of t ra n s fe r  of 
ace tic  ac id  and its  co n cen tra tio n  in  both phases (by t itra t io n ) w ith in  
the re a c to r , the m ass tra n s fe r  c o e ffic ie n t could be calcu lated :
N  = V (C p  -  K g C ^ )
w h ere  N  = m ass tra n s fe r  ra te  o f ace tic  acid
Cp = concentra tion  o f a ce tic  ac id  in to  d isp ersed  phase
= concentra tion  o f a c e tic  ac id  in  the continuous phase
K g  = d is tr ib u tio n  c o e ffic ie n t o f ace tic  ac id  betw een  phases
K  = o v e ra ll m ass  t ra n s fe r  co e ffic ien t
a = in te r fa c ia l a re a  p e r  u n it vo lum e o f em u ls io n  bed
V  = vo lum e o f bed
The re s u ltin g  m ass tra n s fe r  c o e ffic ien t w ith  a " v e ry  s m a ll"  
drop  s ize  was
( h r . ) ( f t . H e d )
Th is  value was obtained w ith  a  d isp ersed  phase vo lum e o f 8% 
of the em uls ion  vo lum e. In  a sep ara te  s e rie s  o f tests  using the  
sam e re a c tio n  the au thors  noted an  in c re a s e  in  the vo lu m e p e rc e n t  
of the d isp ersed  phase b y  a  fa c to r  o f 2 . 6 e ffec ted  an  in c re a s e  in  the  
m ass tra n s fe r  c o e ffic ie n t by a fa c to r  o f 3 -  about a  o n e -to -o n e  
correspondence.
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In  another te s t w a te r  was substituted fo r the co rn  syrup solu­
tio n  as the continuous phase. The v is c o s ity  o f the syrup solution  was  
about ten  tim e s  th a t of the w a te r; how ever, the re su ltin g  m ass tra n s ­
fe r  c o e ffic ien t w ith  w a te r  (w ith  a l l  o th e r p h ys ica l conditions being  
equal) was only 2 . 1 t im e s  g re a te r  than th a t o f the co rn  syrup  
solution.
The le v e l o f p o w er used fo r  these tes ts  was in  the range o f 0.11 
to 0. 18 h p /(k  X 1, 000 ga l. ). The fa c to r  k  is  the p o w er nu m b er as 
defined by Rusfaton, Costich, and E v e re tt  (28) and w as a p p ro x im a te ly  
equal to 6 . 3.
S u m m ary
R es ea rch  in  the a re a  o f a lk y la tin g  isobutane w ith  olefins has 
c en tered  around the is o b u ta n e -b u te n e -s u lfu ric  ac id  system . H ow ever, 
using p ropylene as the o le fin  has been in c re a s in g ly  in ves tig a ted  as o f 
la te .
The p r im a r y  objects o f the re s e a rc h  to  date have been the  
e lu c id a tio n  o f the m ech an ism  of a lk y la tio n  and the e ffec ts  o f operatin g  
v a ria b le s  on product q u a lity . Two w o rks  on k in e tic s  have been m ade; 
how ever, one in vo lves  a lk y la tio n  o n ly  in d ire c tly  and the  o th er -  th a t 
o f Jern igan , Gwyn, and C la r id g e  -  in vo lved  a ra th e r  o v e r -s im p lif ie d  
c h e m is try . I t  was in  r e a li ty  a soph isticated  study o f o peratin g  
v a ria b le s  on p roduct q u a lity .
W hat is  to ta lly  lack in g  is  a  k in e tic  study based on the  
in d iv id u a l ra te s  of p roduction  o f each o f the products  o f both the
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p r im a r y  and secondary re ac tio n s . Such a study, how ever, can only  
be m ade w ith  the know ledge o f the re s u lts  of p r io r  w o rk  such as 
re p o rte d  in  th is  chap ter; thus, i t  is  reco g n ized  that the n e cess ity  of 
" f i r s t  things f i r s t"  -  the m ech an ism  and conditions o f re a c tio n  m u st 
be w e ll  defined b e fo re  a k in e tic  study m a y  be a ttem pted  -  has con­
tr ib u te d  to  putting o ff th is  type o f w o rk . I t  is  f e l t  now th a t the sta te  of 
the a r t  has advanced to  the p o in t w h e re  a  védid m e as u re m en t o f the  
re a c tio n  k in e tic s  m a y  be m ad e. To  be sure, the sam e p ro b le m s  o f 
defin ing  the concentrations o f reac tan ts  s t i l l  e x is t, but i t  is  fe l t  th a t 
th is  p ro b le m  m a y  be o verco m e by e x tra p o la tio n  o f p re s e n t know ledge. 
F u r th e r , i t  is  fe lt  th a t such a study should be m ade on the p ro p y len e -  
is o b u ta n e -s u lfu ric  a c id  system . N ot on ly  w i l l  the  in fo rm a tio n  
d e riv e d  fro m  th is  be ap p licab le  to the butene system , but fu r th e r  
g e n e ra l know ledge on a lk y la tin g  p ro p y len e  w i l l  be gained in  the p ro ­
cess as opposed to co n sid erin g  the w e ll-s tu d ie d  butene -is o b u ta n e - 
s u lfu r ic  ac id  system .
IV .  S tatem ent o f the P ro b le m
A  d e ta iled  an a lys is  o f the k in e tic s  o f the a lk y la tio n  o f is o ­
butane w ith  p ropy lene  using a  s u lfu r ic  ac id  c a ta ly s t is  needed. T h e  
o b ject o f the study is  to obta in  the ra te  constants as a  function  o f 
te m p e ra tu re  fo r  the v ario u s  re ac tio n s  w h ich  produce m a jo r  and  
m in o r  p roducts . In  add ition , the q u a lita tiv e  e ffe c t o f c a ta ly s t 
co n cen tra tio n  a t v ario u s  te m p e ra tu re s  w i l l  a lso  be d e te rm in ed .
Such a study w i l l  be im p lem e n te d  b y  ém e x p e rim e n ta l p ro g ra m  based
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on data obtained fro m  a p ilo t sca le, s t ir r e d  tank re a c to r  w ith  a 
p e rfe c t ly  m ixed  hydrocarbon  phase to m in im iz e  m ass tra n s fe r  
re s is ta n ce .
The value o f such a study, i t  is  hoped, w i l l  be in  m akin g  o le fin -  
isobutane a lk y la tio n  m o re  o f a  science ra th e r  than an  a r t .  A lso , th is  
w i l l  be one o f the few  liq u id -liq u id , heterogeneous, com plex  re ac tio n  
studies to be m ade, and hopefu lly  new  ideas  w i l l  be gained w hich  
w i l l  be u sefu l in  subsequent re s e a rc h  o f th is  type.
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C H A P T E R  I I
IS O B U T A N E -P R O P E N E  A L K Y L A T IO N  
M E C H A N IS T IC  A N D  K IN E T IC  M O D E L S
I .  In tro d u c tio n
The S ch m erlin g  m ech an ism  has been selected  as the basis  of 
the k in e tic  m odel fo r  the a lk y la tio n  o f isobutane w ith  p ro p y len e . As  
can be seen fro m  C h ap ter I ,  th is  is  the best o v e ra ll th e o ry  o f a lk y la ­
tio n  reac tio n s . A l l  o th e r  t^ o r i e s  since th is  one a re  g e n e ra lly  exten­
sions o f i t .  T h is  th e o ry  w i l l  be used w ith  some m o d ifica tio n s  in  
lig h t o f w hat a re  considered  to be the m o s t v a lid  extensions fro m  
re c e n t w o rk .
On the basis  o f the m o d ifie d  m ech an ism  to be p resen ted , the  
reac tio n s  w hich  w i l l  be considered  fo r  the foundation o f the k in e tic  
m o d e l a re  p resented  in  the fo llo w in g  tab les . The sym bol X “ w i l l  be 
used fo r  HSO^” , and C ^^X " w i l l  be used to  denote carbon ium  ions  
w ith  the corresponding  anion in  solution. The n um bers  fo r  the re a c ­
tion  ra te  constants b e a r no re la tio n  to the tab le  in  w h ich  the re ac tio n  
ap p ears .
In  T a b le  2-11 the in it ia t io n  reactions  a re  g iven. These  
re a c tio n s , in  add ition  to th e ir  in it ia t io n  function  as has been shown, 
a re  the source of carb o n iu m  ions fo r  the s e l f -a lk y la tio n  reac tio n s .
In  T a b le  2-1.2 the p r im a r y  reac tio n s  a re  g iven . These
re ac tio n s  a re  the ones fro m  w h ich  the d im ethylpentanes a re  fo rm ed .
53
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T A B L E  2 -  1 . 1
In it ia t io n  R eactions
Cg= + H X  C g + X - 2 -1 .1 )
C g + X - + iC ^  Cg + iC ^ + X - 2 -1 .2 )
T A B L E  2 - 1 . 2  
P r im a r y  R eactions
iC 4 + X - + C 3= i i i > .  iC ? '''X - 2 -1 .3 )
i C / X - +  iC ^  iC y  + iC ^ + X - 2 -1 .4 )
T A B L E  2 - 1 . 3
S e lf-A lk y la tio n  R eactions
iC ^ + X "  ^ 9 .»  iC ^=  + H X  2 -1 .5 )
iC ^ + X "  + iC 4=  iCg'^'X" 2 -1 .6 )
iC g + X " + iC ^  ^6  ^  iC g  + iC ^ + X "  2 -1 .7 )
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D e s tru c tiv e  A lk y la tio n  R eactions
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iCy'^'X" iC y=  + H X
iC ?= + iC^'^X" ^ 1 3 w  iC c=  + C /'+ X ”
iC g -  + H X  _ i l >  iCg'"'X'
iC g + X " + iC 4 iC g  + i c / x ”
C^'^X" + iC 4  + iC 4 + X ’
iC ^ + X "  + C ,=  C ,^ '" 'X -10
C jq '^X " + iC 4  i > C i o  + iC 4 + X ' 
iC  = + iC 4 + X " h L ^  Cq‘'’X "
C ^+X " + € 3= 17 ^  C g+X"
C g + X - + iC 4  ± 3 Cg + iC 4 + X *
C jQ +X " iC g= + iC g + X "
2 - 1. 8) 
2 -1 .9 )  
2 - 1. 10) 
2 - 1. 11) 
2 - 1. 12) 
2 -1 .  13) 
2 -1 . 14) 
2 -1 . 15) 
2 -1 .  16) 
2 -1 .  17) 
2 -1 .  18)
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In  T a b le  2 -1 . 3 the s e lf-a lk y la t io n  reac tio n s  a re  g iven w hich  
fo rm  the Cg is o p a ra ffin s . As stated above, these reac tio n s  a re  
un iquely  cwupled to the in it ia t io n  re ac tio n s .
The re m a in d e r o f the  re ac tio n s  to be considered  a re  the
"d e s tru c tiv e  a lk y la tio n  re a c tio n s "  g iven  in  T a b le  2 - 1 .4 .
I I .  M o d ific a tio n s  o f S ch m erlin g  T h e o ry  
fo r  the M e c h a n is tic  M o d e l
The sp ec ific  m o d ifica tio n s  to the S ch m erlin g  th e o ry  fo r  the  
m e ch an is tic  m o d e l a re  p resen ted  in  the fo llo w in g  p a rag rap h s .
These m o d ifica tio n s  in vo lve  the C^, Cg, Cg, C | q and C j j  species.
Octane F o rm a tio n
I t  is  ev id en t th a t a l l  octanes a re  not fo rm e d  by the b asic  
s e lf-a lk y la t io n  step as p resen ted  by S ch m erlin g  (29 ). T h is  on ly  
accounts fo r  the tr im e th y lp e n ta n e s ; w h ereas  d im ethylhexanes a re  
p ro b ab ly  fo rm e d  through the m ech an ism  as outlined  b y  H ofm ann  
and S ch rie s h e im  (11 ). T h is  w o rk  points to w a rd  fo rm a tio n  of 
dim ethylhexanes v ia  a lly l ic  ions. These ions a re  d e riv e d  f r o m  the  
sam e re a c ta n t w h ich  fo rm s  trim e th y lp e n ta n e s  -  th a t is ,  isobutane.
The tr im e th y lp e n ta n e s  a re  fo rm e d  b y  the com bination  o f the t e r t ia r y -  
buty l carb o n iu m  io n  w ith  the iso buty lene fo rm e d  v ia  th is  catio n  as 
shown by re a c tio n  2 -1 .  6 . The d im ethylhexanes a re  fo rm e d  fro m  a  
com bination  o f th is  in  s itu  fo rm e d  iso buty lene  and its  io n ic  co u n te r­
p a rt, the a lly l ic  io n . F o r  the a lk y la tio n  o f  isobutane w ith  p ro p y len e , 
th is  is  ju s t an  extension o f the s e lf-a lk y la t io n  o f isobutane (see
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C hapter I  -  "M e c h a n is m "). A s  the d im ethylhexanes m ake  up only  
25 to 30% of the to ta l octanes ( T a b le  4 - 4 ) ,  the added c o m p lic a ­
tions o f co n s id erin g  the a lly l ic  ion  fo rm a tio n  and subsequent re a c ­
tions a re  not ju s tif ie d  fo r  th is  range of concentrations of the d im e th y l­
hexanes.
A n o th er possib le  route  fo r  d im ethylhexane fo rm a tio n  w as  g iven  
by Kennedy (16) who has shown th a t d im ethylhexanes m a y  be fo rm e d  
through com bination  o f tw o hepty l ions and subsequent d is p ro p o r­
tio n a tio n  to octanes and hexanes. T h is  was d em onstrated  in  the  
is o m e r iz a tio n  o f d im ethylpentanes p rom oted  by iso p ro p y l f lu o r id e -  
b oron  tr if lu o r id e . H o w ever, H ofm ann and S ch rie s h e im  (11) used  
re s u lts  fro m  ac tu a l s u lfu ric  a c id  ca ta lyzed  a lk y la tio n  re ac tio n s  to  
support th e ir  conclusions on the  m ech an ism  of d im ethylhexane  
fo rm a tio n  v ia  the  a lly l ic  ion . F o r  th is  reaso n  i t  is  fe l t  th a t the  
th e o ry  of H o fm an n  and S c h rie s h e im  is  a  m o re  p ro b ab le  m ech an ism  
o f d im ethylhexane fo rm a tio n . Consequently, the assum ption  th a t  
the s e lf-a lk y la t io n  o f isobutane should adequ ate ly  account fo r  th e  
fo rm a tio n  o f both the d im ethylhexanes and the tr im e th y lp e n ta n e s .
Nonane F o rm a tio n  
I t  is  ap p aren t f ro m  data p resen ted  by C upit, Gwyn, and  
Jern ig an  (7) th a t the nonanes -  p r im a r i ly  tr im e th y lh e x an es  -  a re  
fo rm e d  by the re a c tio n  o f isopentenes w ith  isobutane (re a c tio n  2 -1 .  15). 
T h e re  should be fo rm a tio n  o f nonanes fro m  the com bination  o f
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te r t ia r y  hexyl ions w ith  propylene a lso  as shown by reac tio n  2 - 1. 16 . 
H o w ever, the ex ten t o f each re a c tio n  cannot be exac tly  asce rta in e d  
by d ire c t m e as u re m en t. T h e re  is  m o re  than one route  o f fo rm a tio n  
of iso p en ty l spec ies, equations 2 - 1. 9 and 2 - 1. 18; and, th e re fo re , 
com paring  the y ie ld s  o f isopentane (equation 2 - 1 . 18) and hexanes  
(equation 2 - 1. 12 ) w i l l  not d e te rm in e  the exact co n trib u tio n  o f each  
species to nonane fo rm a tio n  due to  the reac tio n s  2 - 1. 11 and 2 - 1 . 12 . 
Thus, i t  was n e c e s s a ry  to assum e th a t a  fra c tio n , X , o f the nonanes 
was fo rm e d  by the  fo llo w in g  re ac tio n
iC 5= + iC^'"'X"  ► Cg+X" 2 -1 .1 5 )
w ith  the  re m a in d e r  being fo rm e d  by:
C^+X" + C -f  -------►Cg‘‘'X "  2 -1 .  16)
The  best value o f X  m a y  be selected  by d e te rm in in g  the best f i t  fo r  
the m a th e m a tic a l m o d e l on an A rrh e n iu s  p lo t as vario u s  values of 
X  a re  assum ed. I t  w i l l  be shown by the fo llo w in g  d iscussion that 
X  m u st have a  va lu e  w h ich  is  g re a te r  than  0. 5 and less  théui o r  
equal to 1 . 0 .
A s w i l l  be seen in  the re s u lts  in  T a b l e  4 -4 ,  the m o la r  
y ie ld  o f isopentane in c re a s e d  fro m  a co ncentra tion  th a t was 
a p p ro x im a te ly  equal to th a t o f the hexanes a t 8 1 ° F .  to a  concen­
tra t io n  th a t was 50% g re a te r  than hexanes a t 1 3 5 °F . T h is  g re a te r
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y ie ld  of pentanes at the h igher te m p e ra tu re s  is  caused by the fact 
th a t the p re c u rs o rs  o f isopentane, the iso penty l carbon ium  ion  and 
isopentene a re  fo rm e d  by the reac tio n
C iq '''x "  ►iCg"' + iC g + X " 2 -1 . 18)
as w e ll as by the fo llow ing  re ac tio n  w hich also fo rm s  a l l  o f the  
hexyl in te rm e d ia te s .
iC y=  + iC^^+X"  ►iCg= + C ^'''X - 2 -1 .9 )
Based on the above reac tio n s , the y ie ld  o f isopentane should alw ays  
be h igher than th a t of the hexanes. H ow ever, the fo rm a tio n  o f Cg 
com petes w ith  the fo rm a tio n  o f Cg and by reactio n s  2 -1 .  15 and 
2 - 1. I 6k and th is  m a y  a lte r  the re s u lt  expected by  considering  
reactions  2 -1 .  9 and 2 -1 .  18 a lone. I f  X  w e re  equal to 0, 5, the Cg 
y ie ld  w ould alw ays be the la r g e r  o f the Cg and y ie ld  since  
ad d itio n al iC g "  is  fo rm e d  by re a c tio n  2 -1 .  18. H o w ever, the y ie ld  
of Cg is  e s s e n tia lly  equal to the C^ y ie ld  a t 8 1 ° F . , and as a  re s u lt  
the fo rm a tio n  of Cg" by re a c tio n  2 - 1. 18 m u s t be in s ig n ific a n t.
But a t 1 3 5 °F . the Cg y ie ld  was 50% g re a te r  than the Cg y ie ld . F o r  
th is  to be tru e  the Cg“ fo rm e d  by re a c tio n  2 - 1. 18 m u s t be sign ifi.- 
cant and consequently g ive the co rresp o n d in g ly  h igher C y ie ld .  
A d d itio n a l Cg~ is  a lso  fu rn ish ed  by re a c tio n  2 -1 . 18 fo r  the  re a c tio n  
w ith  iC ^ ^ X  in  re a c tio n  2 -1 .  15 to fo rm  iCg"bK” . T h e re fo re , th is
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second source of iCg" re q u ire s  that X  have a value g re a te r  than 0. 5. 
F in a lly , the upper bound on X  is  1 .0  w hich  corresponds to a l l  o f 
the nonane fo rm e d  by reac tio n  2 -1 . 15.
Decane F o rm a tio n  
The fo rm a tio n  o f the decyl carb o n iu m  ion  in  the p ro p y len e -  
isobutane system  is  m o st lo g ic a lly  exp la ined  by re ac tio n  of a  heptyl 
cation  w ith  propylene.
iC ^ + X - + Cg=  -----► C jq '*'X- 2 -1 .3 )
Th is  is  the m o s t d ire c t route  and has the s im p le s t s to c h io m etry  -
2C3= + iC ^ + X -  ^  C jQ + X ’  2 -1 )
The fo rm a tio n  o f the h exy l species has been shown to  be v ia  
the re a c tio n  of a  heptyl u nsaturate  (fo rm e d  fro m  a  hepty l carbon ium  
ion) w ith  the te r t ia r y -b u ty l  cation ( i .  e . , re a c tio n  2 -1 .  9 ). T h is  is  
also a source o f isopentene w hich  m a y  be subsequently s a tu ra ted  to  
isopentane by re ac tio n  2 -1 .  11. H o w ever, as w i l l  be shown in  the  
data o f th is  w o rk  and th a t o f S h leg e ris  (31), the heavy ends (such as 
decanes) decrease in  y ie ld  w ith  in c re a s e  in  te m p e ra tu re  w ith  a 
corresponding  in c re a s e  in  isopentane and hexane y ie ld s . The  
la t te r  cannot be exp la ined  through equation 2 -1  a lone. I t  is  
evident th a t c rack in g  o f the decyl ion  to isopentene and a  p en ty l 
carbon ium  io n  m u s t be o c c u rrin g  to  exp la in  a t  le a s t p a r t  of the
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ad d itio n a l pentanes fo rm e d . T h is  is  re a c tio n  2 -1 . 18 in  T ab le  2 - 1 .4
C jQ + X "  ► iC 5 = + iC g + X - 2 -1 .1 8 )
and i t  has been proposed both b y  S ch m erlin g  (2 9 )and b y  K ennedy (16). 
T h is  w ould  also e xp la in  the red u ctio n  in  y ie ld  o f decanes.
Undecane F o rm a tio n  
In  th is  w o rk  the c h ro m a to g ra m  peaks in  the C j j  range  
w e re  g e n e ra lly  so m in u te  th a t a q u an tita tive  a n a lys is  w as not 
possib le . A  w eath ered  sam ple  f ro m  a  ru n  a t one o f the  lo w e r  te m p e ra ­
tu re s  (8 1 °F . ) and lo w  a c id  co n cen tra tio n  (90 -91% ) w as ru n  by the  
C hro m ato g rap h  L a b o ra to ry  o f the Esso R e s e a rc h  and E n g in eerin g  
Com pany a t Baytown, T e xa s . The am ount o f C^^ p re s e n t w as les s  
than 4 . 0%. T h is  sam ple on w ea th e rin g  had a 75% d e crease  in  
vo lum e, and thus, th is  f ig u re  should be reduced by 1 /4  o f  th a t 
obtained by E R & E  to re p re s e n t the re a c to r  co n cen tra tio n . A lso , 
w ith  the exception  of the C^g^ (w hich  w as less  than 1. 0% ), th is  w as  
the s m a lle s t concentra tion  p re s e n t in  the sam ple . A l l  o f th is  
w ould im p ly  th a t the C j j  species m a y  be o n iitted  w ith o u t in troduc ing  
n o ticeab le  e r r o r  in  c a lc u la tio n  o f ra te  constants. T h is  a llo w s  the  
two reac tio n s
iC.^= + iC ^ +  ^  C i i +  2 -2 )
C i i+  ► C^+ + iCg= 2 - 3)
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to be reduced  to a single re a c tio n  by the e lim in a tio n  of the undecyl 
ion , and the equation used in  the m o d e l is
iC ^= + iC^'*’X ‘ ------ ► + iC g= 2 - 1 .9 )
O th e r R eactions  
T h e re  a re  two o th er re ac tio n s  p resen ted  in  C hapter I  w h ich  
w e re  not inc luded  in  the m o d e l. The f i r s t  is  the fo rm a tio n  o f m e th y l-  
pentanes v ia  d im e r iz a tio n  o f p ro p y len e . T h is  w ould  be expected i f  
re a c tio n  conditions w e re  such th a t h igh p ro p y len e  concentrations  
ex is ted  a t points w ith in  the re a c to r . H o w ever, under w e ll-m ix e d  
conditions w ith  the c a ta ly s t p re -s a tu ra te d  w ith  isobutane these condi­
tions  w ould have l i t t le  like lih o o d  o f o c c u rrin g . A ls o , Kennedy (16) 
has shown th a t 2, 3 -d im eth y lb u tan e  w i l l  is o m e r iz e  to  2 -  and 3 -  
m eth y lp en tan e  to y ie ld  a hexane fra c tio n  v e ry  s im ila r  to th a t found in  
butene a lk y la te s . The 2, 3 -d im eth y lb u tan e  is  the expected hexyl 
species fro m  re a c tio n  2 -1 .  9. Consequently, f ro m  the w o rk  o f 
K ennedy th is  w ould be the source  o f m ethylpentanes and not d im e r i­
za tio n  of p ro p y len e .
The o th e r re a c tio n  w h ich  was not inc luded  in  the m o d e l is
Cg""" ► iC g ^  +  Cg+ 2 -4 )
T h e  p r im a r y  reaso n  fo r  th is  is  th a t a  secondary catio n  is  fo rm e d  
and s ta b ility  argum ents  (see C h ap ter I  -  "M e c h an is m ") w ould d is fa v o r
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th is  reac tio n . O th er scission  reac tio n s  occur w h ich  fo rm  secondary  
cation s, but these cations m a y  im m e d ia te ly  is o m e r iz e  to the te r t ia r y  
fo rm  w h ile  the p ro p y l species cannot.
I I I .  R ate  Equations and the M a th e m a tic a l M o d e l
The o v e ra ll ra te s  o f fo rm a tio n  o f each species m a y  now be 
w r it te n  having the m e ch an is tic  m o d e l spec ified . The  net ra te s  of 
the in te rm e d ia te s  (both ions and un satu rates) w i l l  be taken  as ze ro  in  
a steady state b a lan ce . T h is  m a y  be done as none o f these species  
a re  fed in to  the re a c to r  n o r do they  appear in  the hydrocarbon  
pro d u ct. A lso , the ra te  o f degradation  o f the a c id  is  s m a ll enough 
to co n sid er th a t the in te rm e d ia te s ' buildup in  the a c id  m a y  be 
neg lected . I t  should be noted., too, th a t i t  is  s tandard  p ra c tic e  in  
k in e tic  an a lys is  to set the  n e t ra te s  o f fo rm a tio n  o f in te rm e d ia te s  
to z e ro .
F o r  a continuous, s t ir r e d  tank re a c to r , the o v e ra ll ra te s  a re  
t im e  independent w hen the  re a c to r  is  o p erated  a t steady s ta te . F o r  
th is  heterogeneous system  the re a c tio n  ra te s  a re  in  m o les  p e r  u n it * 
vo lum e c a ta ly s t p e r  u n it t im e . The  concentrations a re  expressed  as 
m o les  p e r  u n it vo lum e of c a ta ly s t. The ra te  constants a re  in  units  
th a t correspond  to these. B y the usual convention the ra te  o f p roduc­
tio n  of a  c h em ic a l species is  taken  as p o s itive .
The ra te  equations a r e  p resen ted  in  T ab les  2 -2 .  1 through 2 -2 .  5 
fo r  the c h e m ic a l re ac tio n s  lis te d  in  T ab les  2 -1 .  1 th rough 2 -1 .  4 . In
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T a b le  2 -2 . 1 the reac tan t consum ption ra tes  a re  given. These a re  
a c tu a lly  m a te r ia l balances on the reactan ts  and a re  lin e a r  com bina­
tions o f o ther ra te  equations. The ra te  equations in  T a b le  2 -2 . 2 
s erv e  p r im a r i ly  to re la te  the product fo rm a tio n  ra te s  to the ra te  
equations of T ab les  2 -2 . 3 through 2 -2 .  5 as w i l l  be subsequently  
discussed.
In  Tab les  2 -2 . 3 and 2 -2 . 4  the o le fin ic  and io n ic  ra te  equa­
tions a re  given. To g eth er w ith  the equations in  T ab le  2 -2 .  5 they  
co m p ris e  the a lk y la tio n  k in e tic  m o d el and thus serve  as the basis  
fo r  the d e riv a tio n  o f the m a th e m a tic a l m o d e l to p e rm it  the com puta­
tio n  of the re a c tio n  ra te  constants fro m  the e3q>erim enta l data.
T h e re  a re  a to ta l o f e ighteen equations w h ich  can be used to solve  
fo r  the eighteen ra te  constants. The concentrations o f the is o p a ra f­
fin s , o le fin s  and ions have y e t to be d ealt w ith , how ever.
A ttem pts  to e lim in a te  the io n ic  and o le fin ic  in te rm e d ia te s  
fro m  the ra te  equations re s u lt  in  equations in  w h ich  the fo llow ing  
quantities  m a y  be evaluated: k j  ( k j j /k g ) ,  ( k j 2 /k g ), ( k jg /k 22 )» 
( k j^ /k j^ k ç ) ,  (k jy /k ^ ) ,  (k jg /k g ) .  The constants k 2 » kg, kg, k y , k jQ  
and k jg  m a y  not be eva luated  in  such a schem e as discussed in  
A ppendix A .  To solve fo r  «my o f the in d iv id u a l ra te  constants  
appearing  in  the ra tio s  w ould  re q u ire  an  e s tim a te  o f the co ncentra ­
tio n  o f the re a c tio n  in te rm e d ia te s .
Since the te s t o f the v a lid ity  o f the m o d el is  to d e te rm in e
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T A B L E  2 - 2 .  1
M a te r ia l  B alance on R eactants  
and A sso cia ted  C onsiim ption Rates
= k; |c3+x-][icj f  k ^ [ic /x i[ ic j 
+ k4[Cj+X-][icJ + k 5 [ic /x -][ic j + kJc3+X-][icJ 
+ k ^ [c /x -][*C 4 ] + kg [C io-*X -][icJ 2-2. 1)
" C g =  = % =  -  P c 3 =  = ‘^ l M H + k „ [ i C 4 + X - ] [ c 3 = ]
+ k i ; [ i c / x ' ] [ c 3 ° ]  +  k i7 [c g + X -] [c 3 = ]  2 - 2 .2 )
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T A B L E  2 - 2 . 2
P ro d u c t F o rm atio n -E q u a tio n s
' C 3 = " C 3  = 2 - 2 .3 )
' C 5 = 2 -2 . 4)
'(= 6  =
2 - 2 .5 )
2 - 2 . 6 )
'C s  °
2 -2 . 7)
" c ,  = k ^ L c / x - I l c J 2 - 2 . 8 )
'C i o  '
P r  = 
^ 1 0
2 - 2 . 9 )
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O le fin ic  In te rm e d ia te  R ate  Equations
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' iC .=  = °  -  kio[iC^=][iC4+X-J 2 -2 . 10)
' iC s =  = “ = >'13[‘ S 1 “ = 4 '^ ' ]  +  k i g | c i / x - ]
-  k i 4 [ l C / ] [ H x ]  -  k i6 [ iC 5 = ][ iC 4 + X -]  2 -2 .  11)
'1C7= = “ = k,2[iC 7+X '] -  l=j3[iC7='][iC4+X-] 2-2. 12)
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T A B L E  2 - 2 . 4
C arb o n iu m  Ion  R ate  Equations
'C 3 +  = “ = W  -  ^2 [ C 3 '^ ‘] [ i c j  2 -2 .  13)
'iC ^ +  = °  = ' iC 4  -  -  l ' lo [ ‘ C 4+X -][iC 4=J
-  k i i [ lC 4 + X ^ [ c 3 i |  -  k i3 [ iC 7 = ][ iC 4 + ]
-  l ' l6 [ lC ;= ] [ iC /J  2 -2 . 14)
' i C j l -  = “ = ' ' 14k l  W  + • ' i s f c l O * ^ ' ] -  2 - 2 . 15)
-  >'4[c 6 '^ X -][ i C 4] 2 - 2. 16)
rc^+ = 0 = k j i [ ic /x - ] [ c ^ = ]  -  kg |iC y+X -][icJ
-  k ^ g [iC .y + X -][c 3 =] 2 -2 .  17)
+ = 0 = k io [ iC 4 + X - ] [ iC 4 =] -  k J i C g + X - ] [ i c J  2 - 2 . 18)
^Cg+ “ °  ~  ̂ ^ 1 7 ^ 6 ^ ^  ^^^3 ^
-  k 7 [C o + X - ] [ ic J  2 -2 .1 9 )
'C io +  = °  = C /  -  k i8 [ c io + X ‘]
-  k g [ C io + X - ] [ ic J  2 -2 .2 0 )
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T A B L E  2 - 2 . 5
S pecia l R ate  Equations
“ c ,  = 2 -2 .2 1 )
= » ' l 7 k M [ c 3 ° ]  2 -2 -2 2 )
'iC s  -  'C 6  ^ -  ' ) 'C ,  = 2 k j8 [c io *X -]  2 -2 .2 3 )
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w h eth er a l l  the m ech an is tic  ra te  constants obey the A rrh e n iu s  r e la ­
tionsh ip , the in d iv id u a l ra te  constants a re  needed. The d e riv a tio n  
o f the k in e tic  m o d el has assum ed the concentrations o f the vario u s  
species used a re  m e as u ra b le . T h is  is  not a c tu a lly  the case as 
these concentrations a re  those of the hydrocarbons in  the ac id . I t  
is  not possib le  to m e as u re  the hydrocarbon concentra tion  in  the  
c a ta ly s t phase and only the hydrocarbon phase concentrations can  
be m e a s u re d . T h e re fo re , the concentrations in  the ac id  phase m u st 
be e s tim a te d  o r  com puted. Consequently, the  fo llow ing  p arag rap h s  
w i l l  p re se n t the d e riv a tio n  o f the m odel fo r  the ra te  constants in  
te rm s  o f the concentrations in  the ac id  phase. Then  the p ro ced u res  
used to com pute the concentrations in  the a c id  phase fro m  a  knowledge  
o f the concentrations in  the hydrocarbon phase w i l l  be p resen ted .
D e r iv a tio n  o f the M a th e m a tic a l M o d e l
The ra te  equations o f T ab les  2 -2 . 1 through 2 -2 .  5 m a y  be  
solved fo r  the e ighteen re a c tio n  ra te  constants. S im p le  a lg e b ra ic  
m an ip u la tio n  and substitu tion  a re  the only m a th e m a tic a l too ls  needed.
The fo llow ing  d e riva tio n s  w i l l  be done in  the o rd e r  o f the  
nu m bering  of the ra te  constants. The steps in  the d eriva tio n s  w i l l  
be shown only when they  a re  not obvious. O th erw ise , on ly  ra te  
equations used w i l l  be stated.
B y substitu ting  fo r  the exp ress io n  fo r  J fro m
equation 2 -2 .  13, T ab le  2 -2 .  4 , in to  equation 2 -2 .  3, T a b le  2 -2 .  2,
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k j  m a y  be solved fo r .
[=flN“ 1= =TI? T 2 -3 .  1)
R ate  constants kg through kg m a y  be obtained fr o m  equa­
tions 2 -2 .  3 th rough 2 -2 .  9 in  T a b le  2 -2 .  2 using equation 2 -2 .  6  as an  
exam ple.
kg = TT_  Z - S f .-  1 2 - 3 .2
-  3 .8 )
I f  equation 2 -2 . 10, T a b le  2 -2 .  3, is  added to equation 2 -2 .  18, 
T a b le  2 -2 .  4 , the sum  is :
k 9[ iC 4 + X -]  -  k g [ iC g + X - ] [ iC J  = 0 2 -5 )
Substitu ting  equation 2 -2 .  7, T a b le  2 -2 . 2 , y ie ld s  kg:
k jQ  m a y  be obtained b y  substitu ting  equation  2 -2 .  7, T a b le  
2 -2 .  2, in to  equation 2 -2 .  18, T a b le  2 - 2 .4 :
Th e  re m a in in g  ra te  constants, k j j  through k jg ,  m a y  n o t be  
solved fo r  u n til fu r th e r  ra te  equations a re  d e riv e d , s ince o f the
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to ta l o f tw en ty  equations in  T ab les  2 -2 .  1 through 2 -2 . 4, only seven­
teen  a re  independent. T h is  is  i l lu s tra te d  as fo llo w s.
Equations 2 -2 .  1 and 2 -2 .  2, T a b le  2 -2 .  1, a re  m a te r ia l  b a lan ­
ces on the reac tan ts  p ro p y len e  and isobutane and a re  not independent. 
E quation  2 -2 .  1 is  the sum  o f equations 2 -2 .  3 through 2 -2 . 9. Equa­
tio n  2 -2 .  2 can be obtained as a  l in e a r  com bination  of equations 2 -2 .  3, 
2 - 2 .4 ,  2 - 2 .6 ,  2 - 2 .9 ,  2 -2 .1 1 ,  2 -2 .1 2 ,  2 -2 .1 3 ,  2 -2 .1 5 ,  and 2 -2 .2 0 .  
E quation 2 -2 .  14 is  equal to the sum  o f equations 2 -2 . 15 through  
2- 2. 20.
Seventeen equations re m a in  w ith  w h ich  to  solve fo r  e ighteen  
ra te  constants. Thus, one m o re  equation is  needed to  solve fo r  a l l  
o f the ra te  constants. T h is  equation m u s t re la te  the am ount o f Cg 
fo rm e d  by C^'*’X “ and the am ount fo rm e d  b y  iC g “ . T h is  m a y  be done 
by w r it in g  the  fo llo w in g  two equations:
2- 2. 21)
(1 -  * )(rc ^ ) = [C j=] 2 - 2 . 22 )
w h e re  X  is  the fra c tio n  o f nonanes fo rm e d  by re a c tio n  of iC g "  w ith  
iC ^ ^ X "  as p re v io u s ly  defined. X  is  not a  v a r ia b le  and is  to  be d e te r ­
m in ed  fro m  a best f i t  o f the e x p e rim e n ta l data. Adding equations  
2 -2 .  21 and 2 -2 .  22 re s u lts  in  the to ta l ra te  o f fo rm a tio n  o f Cg. T h is  is
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73
and using equation 2 -2 .  8 g ives equation 2 -2 , 19 o f T ab le  2 -2 . 4.
+ k ;y [c ^ + X '] [C ;= ]  2 -2 .1 9 )
Thus, equation 2 -2 .  19 is  now not independent. T h e  re s u lt  is  e ighteen  
equations, equations 2 -7 .  3 a through 2 -2 .  13, 2 -2 .  15 th rough  2 -2 .  18, 
and 2 - 2 . 20  through 2 - 2 . 2 2 , and e ighteen  unknowns.
H o w ever, the d e r iv a tio n  o f an  ad d itio n a l ra te  equation w i l l  be 
o f a id  in  solving fo r  th rough k jg .  T h is  new equation w i l l  re la te  
the re la t iv e  am ounts o f the p en ty l species fo rm e d  b y  reac tio n s  2 - 1 .9  
and 2 -1 .  18. The h exy l catio n  is  assum ed to be fo rm e d  only  by  re a c ­
tio n  2 - 1. 9 and to  be consum ed o n ly  in  re ac tio n s  2 - 1 . 12 and 2 - 1 . 16 . 
Since the re a c tio n  2 -1 .  16 g ives the am ount o f tr im e th y lh e x an es  
fo rm e d  v ia  the  hexyl io n  and the am ount o f isopentene fo rm e d  v ia  
re a c tio n  2 - 1 . 9 is  equal to  the sum  o f the  fo rm e d  and the  
fo rm e d  by the hexyl io n s , the fo llo w in g  ra te  equation m a y  be w r itte n :
k n [ iC 7 = ] [ iC 4 + X - ]  = 1 „  ‘
T h is  a lso  re q u ire d  using  re a c t io n s 2 - l .  16, 2 -1 .  7 and 2 -1 .  12. The  
am ount o f isopentane fo rm e d  fr o m  isopentene is. the to ta l am ount o f 
isopentane fo rm e d  le s s  th a t fo rm e d  b y  the p en ty l cations produced  
in  re a c tio n  2 - 1. 18.
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These two equations m a y  be substituted into  equation 2 -2 .  11
giving
^iCg= = 0 = (1 -  + Tq ^ -  r.ç .^  + k^g^Cig'hc ]
+ k ^ g [C io + X -] -  k ig [ iC 5 = ] [ iC /x - ]  2 -8 )
but f ro m  equation 2 - 2 .2 1
substitu ting  the above in to  2 - 8  and re a rra n g in g , the f in a l re s u lt is :
'iC5 - 'Cft + <2* - H 'C , = 2kjg[Cjo V ]  2-2.23)
Th is  im p o rta n t re s u lt  w i l l  p e rm it  the com putation  o f k jg .a n d  s e v e ra l  
in te rm e d ia te  ra te  constants a lso .
T a b le  2 -2 .  5 s u m m arize s  the ad d itio n a l ra te  equations d e riv e d  
above. W ith  the a id  of these equations k j  j  through k jg  m a y  be 
re a d ily  obtained as fo llo w s.
Adding equations 2 -2 .  17 and 2 -2 .  20 o f T a b le  2 -2 .  4  and 
substitu ting  equations 2 -2 . 6 and 2 -2 .  9, Tab le  2 -2 .  1 gives
k „ [ iC 4 + X - ]  C3= -  P ic^  -
-  -  'C io  = " 2 -9 )
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Substituting equation 2 -2 ,2 3 ,  T a b le  2 -2 . 5, resu lts  in
^1 ^3~] " ^ iC y ■ ^ C io  “ ^12[^^7"‘’X " ]
- ^ iC g  -  'C 6  ■*■ T l ) r c J / 2  = 0 2 -1 0 )
Now fro m  equation 2 -2 .  12, T a b le  2 -2 .  3,
^ 1 2 ^ ^ ? ^ ^ ’]  = ^ 1 3 [iC ? "][iC 4 ''’X "] 2 -2 . 12)
Substituting the above and equations 2 -2 .  5, T ab le  2 -2 .  1 and 
2 -2 .2 2 ,  T a b le  2 - 2 .5 ,  in to  equation 2 -2 .  16, T a b le  2 - 2 .4 ,  y ie ld s
k i2 [ iC 7 + X -]  = (1 -  x ) r ^ ^  + r^,^ 2 -1 1 )
Substituting 2 -1 1  in to  2 -1 0  gives
A lso  fro m  equation 2 -1 1  the exp ress io n  fo r  k^g is
r c  + (1 -  x ) r c g
‘ 2 ° [iC,+x-J--------
. :  /  
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As k i 3 |^iCy~J|^iC^^X"J is  equal to k j 2 [iCy'*’X"J by equation  
2 - 2 . 12, the exp ress io n  fo r  k^^ is
+ (1 -  x ) r ( -
To obtain  k^^, equation 2 -2 .  15, T a b le  2 -2 .  4 , m a y  be used. 
The te rm s  k 3 jiCg'^’X ' j  and k jg jC jQ ^ X '^  m a y  be substitu ted  fo r  using  
equation 2 -2 .  4 , T a b le  2 -2 .1 , and equation 2 -2 .2 3 ,  T a b le  2 -2 .  5, 
re s p e c tiv e ly . The re s u lt  is
E quation  2 -2 .  20 is  the m o s t convenient equation to  use fo r  k^g. 
Substitutions to use a re  equations 2 -2 . 9, T a b le  2 -2 .  1, and 2 -2 .  23, 
T a b le  2 -2 .  5. The f in a l exp ress io n  fo r  k^^ is
^ - iC s  - - c .  -  " C o
E xpressions  fo r  k^g and k^y m a y  be obtained re a rra n g in g  
equations 2 -2 .2 1  and 2 -2 .2 2 ,  T a b le  2 -2 .  5, re s p e c tiv e ly :
°  î i V f c / x - ]
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S im ila r ly , equation 2 -2 . 23, Tab le  2 -2 . 5, y ie ld s  k^g:
Equations 2 -3 .  1 through 2 -3 .  18 a re  s u m m a rize d  in  T ab le  
2 -3 .  1. The re a c tio n  ra te  constants m a y  be obtained fro m  these equa­
tions assum ing they (the ra te  constants) a re  the only unknowns.
These w i l l  be the  values fo r  any one te m p e ra tu re . H o w ever, as the  
re a c tio n  ra te  (and, th e re fo re , the re a c tio n  ra te  constant) in c re a se s  
w ith  in c re a s in g  te m p e ra tu re , i t  is  n e ce s sa ry  to  in c o rp o ra te  the  
m agnitude o f th is  in c re a s e  in to  any k in e tic  m o d e l.
T e m p e ra tu re  Dependence o f the R eactio n  
R a te  Constants
In  a homogeneous system , the in c re a s e  in  re a c tio n  ra te  w ith  
te m p e ra tu re  m a y  be a ttr ib u te d  to an in c re a s e  in  the m agnitude o f 
the re a c tio n  ra te  constant. T h is  is  g e n e ra lly  exp ressed  as (18)
k. = k „1 Oj
w h ere  k j  = the o v e ra ll re a c tio n  v e lo c ity  constant a t any
te m p e ra tu re
k jj. = the " freq u en cy  fa c to r"
E  = the a c tiv a tio n  en erg y  fo r  the re a c tio n  under
co n s id era tio n
= gas constant
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T  = absolute te m p e ra tu re  a t w h ich  the re a c tio n  occurs
w  = a constant
The m o s t com m on w ay  o f rep res e n tin g  the te m p e ra tu re  
dependence o f the re a c tio n  ra te  constants is  by a p lo t o f In  k . vs . 
1 /T .  I f  m  w e re  not ze ro
In  k . = In  kç,. + w  In  T - E / R T  2 -1 2 )
The v a r ia tio n  o f log  k  w ith  T  w ould  be
d (ln  k ) _ _w_ E
d T  T  R T 2
w R T  + E  
R t 2 2 -1 3 )
G e n e ra lly , the te rm  w R T  is  v e ry  s m a ll com pared  to  E (1 8 ). Thus, 
the p lo t o f log k j  v s . 1 /T  w ould  be l in e a r  w ith  a  slope o f ( - E /R )  and  
an in te rc e p t equal to In  k^. a t 1 /T  equal to  z e ro . Thus, the ad d i­
tio n a l co m p lica tio n  o f co n sid erin g  a  value  o f -w d iffe re n t f ro m  ze ro  
is  not ju s tif ie d  w ith in  the a c c u ra c y  o f the e x p e rim e n ta l re s u lts . 
Then  the equation above becom es the w e ll-k n o w n  A rrh e n iu s  r e la ­
tio n sh ip  (18):
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T A B L E  2 - 3 .  1 
R ate  Constant Expressions
■1
[ic ^ -b c -]  
rÇR
^10 = [ iC 4 + X -][ iC 4 = ]
' iC y  + ' C io  + ( ' iC g  + ^C6 + J ^ C ^
[ i C / X - | c 3 = J
2-3 . 1)
^iCy 2 -3 .2
-  3 .8 )
r iC g
kg = 2 -3 .9 )
2 -3 . 10)
k j i  = ----------------- .  X     2 -3 .1 1 )
2 fC 5 " ] [H x ] --------- ----
k ,  = 2 .3 .1 5 )
15 2 [ iC 7 ^ X '] [C 3 ']
(continued)
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T A B L E  2 -3 .  1 (continued)
[C ,+ X -][C 3 = ]
80
^16 = 2 -3 .  16)
(1 -  x )rc g
^17 -  L, + „ J ir ^  =1 2 -3 .  17)
' iC g  -  'C 6  +
18 = 2 j^CjQ+X-J 2 -3"
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IV . E s tim a tio n  of the C oncentrations o f the V a rio u s  Species  
in  the C a ta lys t Phase
Isobutane C oncentration  in  the C a ta lys t Phase
E s tim a tio n  o f concentrations o f the hydrocarbons in  the ac id  
phase m a y  be accom plished by use o f a  su itab le  equation to  d escrib e  
the ra te  o f m ass tra n s fe r . T h is  re q u ire s  a know ledge o f the eq u i­
l ib r iu m  s o lu b ilitie s  o f the v a rio u s  hydrocarbons in  the a c id  phase. 
The s o lu b ilitie s  o f the v a rio u s  p ara f& n s  could be m e as u re d  in d iv id ­
u a lly , but th is  is  a separa te  re s e a rc h  e ffo r t in  its  own as the solu­
b il it ie s  a re  so v e ry  s m a ll (7) . T o  date only data on one o f the  
p a ra ffin s  invo lved  e x is ts . T h e  p a ra ff in  is  isobutane and the s o lu b il­
i ty  as a function  o f p e rcen t by w eig h t o f aqueous s u lfu ric  ac id  a t one 
te m p e ra tu re  is  known (7 ) . The m a x im u m  s o lu b ility  is  g iven  as
0. 001 lb . iso b u ta n e /lb . ac id  fo r  an  ac id  s tren g th  o f 99 . 5% a t 5 6 ° F .  
H o w ever, th is  would p re su m a b ly  be h igher w ith  o rgan ic  d iluen ts  in  
the acid; A lb r ig h t (1) has suggested i t  m a y  be as high as 0. 004 lb . /  
lb . in  such an a c id . The approach  taken  in  th is  w o rk  is  co n sid er  
th a t the c a ta ly s t is  s a tu ra ted  w ith  isobutane o v e r the  range  o f is o ­
butane concentrations used in  th is  w o rk . The reasons fo r  th is  a re  
exp la ined  in  the fo llo w in g  d iscussion .
T h e  w o rk  by J e m ig a n , Gwyn and C la r id g e  (7) showed th a t 
m ass tra n s fe r  a re a  reaches  a  m a x im u m  w hen a l l  o f the  hydrocarbon  
was e m u ls ifie d . T h is  im p lie s  th a t m ass tra n s fe r  is  a t a  m ax im u m , 
éiU o th er fa c to rs  being equal -  p a r t ic u la r ly  th e  a c id  to  hydrocarbon
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ra t io . In  a w o rk  in  w h ich  the  ac id  to hydrocarbon  ra tio  is  held  
constant the m o le  fra c tio n  o f isobutane in  the hydrocarbon is  la rg e ,  
and the m ass  tra n s fe r  a re a  is  a t a  m a x im u m  fo r  th is  ra t io . The  
co n cen tra tio n  o f the isobutane a t the a c id -h yd ro c a rb o n  in te r fa c e  
should be a t a  constant sa tu ra ted  va lue , and the m ass  tra n s fe r  should  
be e s s e n tia lly  constant. Thus, the co n cen tra tio n  o f isobutane in  the  
ac id  phase should be independent o f th a t in  the hydrocarbon  phase.
T h is  can even be m o re  assu red  i f  the ac id  is  contacted in i t ia l ly  w ith  
p u re  isobutane to  b r in g  the isobutane co n cen tra tio n  up to a maxirmiTn- 
The conditions d escrib ed  above to in s u re  constant co n cen tra tio n  o f 
isobutane a re  those under w h ich  the p re s e n t re s e a rc h  has been  
c a r r ie d . .
P ro p y le n e  C o n cen tra tio n  in  the  A c id  Phase
P ro p y le n e , w h ich  is  v e ry  soluble in  the  ac id , w ould  be expected  
to e xh ib it concentrations in  the a c id  p ro p o rtio n a l to  the co n cen tra tio n  
in  the  feed . Thus, th e  fo llo w in g  m o d e l fo r  p ro p y len e  concentra tion  
in  the a c id  w as assum ed:
a c id  = Constant |C g"j H C  F eed  2 -1 5 )
No te m p e ra tu re  dependence w as  assum ed, s ince none w as known. 
O th e r P a ra f f in  C oncentrations in  th e  A c id  Phase
G e n e ra lly , s ince the s a tu ra tes  m ig ra te  in to  the a c id  phase  
th rough m ass  tra n s fe r , the values fo r  the concentrations in  the a c id
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phase m ay  be ca lcu la ted  fro m  the fo llow ing  m ass tra n s fe r  equation ( 19)
N i = V - v  -  ( c q L )
w h ere  N- = P o u n d s /h o u r o f species i  tra in s fe rre d
K jj^ a  = M a s s  tra n s fe r  c o e ffic ie n t -  lb . /h r .  - f t .  ^
V  = V o lu m e o f bed -  f t .  ^
f=C i)
= C oncentra tion  o f i  lb . / lb ,  ac id  
ac id
= C o n cen tra tio n  o f i  lb . / lb .  H C  
H C
K jj  = P hase d is tr ib u tio n  co e ffic ien t
(C cj)ac id
i M
-  (a t e q u ilib r iu m )
ac id
m a y  be found by re a rra n g in g  equation 2 c.
( C c . )  = 2 -1 7 )
\  i /a c i i/a c id  ^  K d -
Kj^ fo r  isobutane can be considered  as the in v e rs e  o f the  
e q u ilib r iu m  s o lu b ility  o f isobutane in  s u lfu ric  a c id , as a t
e q u ilib r iu m  fo r  any h ydrocarbon  is  equal to un ity .
Since no data on s o lu b ilitie s  fo r  the  o th e r p a ra ffin s  e x is t, 
a re la tio n s h ip  m u st be assum ed betw een the  s o lu b ility  o f any p a ra f­
f in  and th a t o f isobutane. As a  g e n era l ru le , h e a v ie r  hydrocarbons
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a re  less  soluble in  w a te r  than a re  lig h t ones (9) . T h is  should hold  
fo r  s u lfu ric  acid , since i t  a lso is  an aqueous m edium , but not neces­
s a r ily  in  the sam e pro p o rtio n s  as fo r  w a te r . T h e re fo re , i t  w i l l  be 
assum ed th a t the s o lu b ility  o f a species is  a function only o f m o lecu ­
la r  w eigh t. S p e c ific a lly  fo r  th is  w o rk :
( C c , _ j  = f ( M i )
la d d
.  < ^ iC 4 a c id » ^ ^ > iC 4
(M  i  )
A s stated  in  C hapter I ,  the m o s t accu ra te  w ay  to e s tim a te  a 
m ass tra n s fe r  c o e ffic ie n t fo r  a  sys tem  such as a lk y la tio n  is  to  use  
data f ro m  a n o n -re a c tin g  system  w ith  s im ila r  p h ys ica l p ro p e rtie s .  
Such data ex is ts  (see C hapter I )  (19). The g eo m etry  o f the re a c to r  
used was d iffe re n t in  th a t system  fro m  th a t o f the  re a c to r  used in  
th is  study; how ever, th is  should not a ffe c t the product o f m ass tra n s ­
fe r  c o e ffic ien t and the in te r fa c ia l a re a , K j^ a , unless the a re a , a, 
is  s ig n ific a n tly  d iffe re n t. The only c h a ra c te r iz a tio n  o f the em u l­
sion re p o rte d  w as that i t  was fin e  and no bubbles could be seen.
A ssum ing th is  im p lie s  th a t the authors considered  they  had a n e a r
2 “>
m a x im u m  in  the te r m  a (ft. / f t .  ), the  only  d iffic u lty  in  applying  
th e ir  w o rk  d ire c t ly  would be the d iffe ren ces  in  v is c o s ity . I t  w i l l  
be re m e m b e re d  that the corn  syrup solution used w as to ap p ro xim ate  
the physiccil p ro p e rtie s  o f an a lu m in u m  h a lid e  c a ta ly s t. A s such.
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the v is c o s ity  was ten  tim es  that o f w a te r  , but the m ass tra n s fe r  
c o effic ien t obtained w ith  the syrup solution was only 47% of that 
obtained w ith  w a te r . Th is  im p lie s  that the m ass tra n s fe r  c o e ffi­
c ien t was not a strong function  o f v is c o s ity . Thus, s u lfu ric  acid  
w ith  a v is c o s ity  o f about 30 tim e s  g re a te r  than w a te r  w ould be 
expected to have an em uls ion  m ass tra n s fe r  co e ffic ien t on ly  s lig h tly  
lo w e r  than th a t obtained by M a llo y  and T a y lo r  fo r  a co rn  syrup  
solution  and heavy a lk y la te . Since the d iffe re n ce  betw een the co e ffi­
c ien t obtained above and the one w hich  exis ts  in  the re ac tio n  m ed iu m  
of th is  study is  p ro b ab ly  s m a ll, and since the above c o e fiic ie n t is  
the only one a va ilab le  fo r  a  s im ila r  m ed iu m , i t  w i l l  be used  
unchanged in  th is  study. A ls o , as only one value is  known, i t  m ust 
be assum ed the sam e fo r  a l l  the  species in  th is  p ro b le m . A s  a ll  
the species in  the product a re  satu rated  is o p a ra ffin s  except propane, 
th is  assum ption is  p robab le  v a lid .
E s tim a tio n  o f Io n ic  In te rm e d ia te  C oncentrations
W ith  the concentrations o f the reac tan ts  and products estim ated , 
th e re  is  s t i l l  the p ro b le m  o f the concentrations o f the carbon ium  
ions and in te rm e d ia te  u n satu ra tes .
The carbon ium  ions w i l l  be considered  f i r s t .  S ince sm all 
cations o f th is  type a re  re la t iv e ly  unstable as com pared  to , say, the  
tr ip h e n y lm e th y l cation , then i t  is  l ik e ly  th a t th e ir  concentrations a re  
quite  low  com pared to  th e ir  p a re n t m o lecu les , even in  a  s u lfu ric  ac id
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en viro n m en t. B ethelland  G old  (3) in d ica te  th a t the s ize  o f the ion, 
as w e ll  as the lo catio n  of the "carb o n iu m  ion  c en te r" , in fluence  the  
s ta b ility . H ow ever, i t  is  doubtful th a t the range o f s izes  o f te r t ia r y  
ions in vo lved  (bu ty l through decyl) is  la rg e  enough to  w a r ra n t  con­
s id e ra tio n  of d iffe ren ces  in  s ta b ilit ie s  on th is  b as is . A lso , 
te m p e ra tu re  should e ffec t carb o n iu m  io n  s ta b ility  and, th e re fo re , 
th e ir  concentrations. In  w hat m an n er, how ever, is  not known, and 
thus, i t  cannot be considered  h e re . The m a in  e ffe c t on s ta b ility  is  
accord ing  to w h eth er an ion  w i l l  be secondary o r  te r t ia r y .  A s a  
g e n e ra lity , secondary ions a re  an o rd e r  o f m agnitude o r m o re  less  
stable than te r t ia r y  ions. A ls o , lack in g  any o th er in fo rm a tio n  to  
the c o n tra ry  as to s ta b ilit ie s , the m o la r  concentrations o f the c a r ­
bonium  ions w i l l  be considered  a  function  o f the m o la r  concentrations  
o f th e ir  p a re n t atom s in  the a c id  phase.
[C j+ X - ]  = f ( [ G j )  2 -1 9 )
A s nothing is  known of the function  f([C^ in  s u lfu ric  a c id , 
the s im p le s t fo rm  w i l l  be se lec ted  and th is  is  a  s im p le  p ro p o rtio n a l 
re la tio n s h ip . Then, the above equation becom es
[C i+ X ‘ ]  = z [ C i ]  2 -2 0 )
w h ere  Z  is  a constant o f p ro p o rtio n a lity . The m agnitudé o f Z , o f 
course , w i l l  a ffe c t the ra te  constants' m agnitudes in  o n e -to -o n e
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correspondence. F o r  a value  of Z  o f 10“ the ra te  constant fo r  
reac tio n s  in vo lv in g  carb o n iu m  ions in  th is  w o rk  v a ry  fro m  10® to  
10^^. Those fo r  the f i r s t  o rd e r  ra te  constants fo r  io n  decom posi­
tions l ie  in  the range o f 10^ to 10^. N a w o rs k i's  f i r s t  o rd e r  ra te  
constants (2 5 )w ere  in  the range o f 10^ to  10® fo r  butene p o ly m e r iz a ­
tio n . H o w ever, the v a lu e  he assum ed fo r  butene s o lu b ility  in  
s u lfu ric  ac id  w as p ro b a b ly  low  as he assum ed i t  to be the sam e as 
isobutane. T h is  w ould  cause his ra te  constants to be h igh s ince th ey
a re  in v e rs e ly  p ro p o rtio n a l to the butene s o lu b ility  squared  in  his
— 7m o d e l. Thus, a va lu e  of Z  equal to 10" seem s qu ite  reaso n ab le .
T h is  equation (2 -2 6 ) is  s u ffic ien t to  d escrib e  th e  co n cen tra ­
tio n  o f a l l  te r t ia r y  ions except the te r t ia r y -b u ty l  c a rb o n iu m  ion  
w h ich  is  fo rm e d  v ia  the in it ia t io n  re a c tio n . A s  the o n ly  o th e r t im e  
th is  re a c tio n  occurs  is  in  conjunction w ith  the fo rm a tio n  o f octanes, 
i t  should be considered  as p a r t  o f the o v e ra ll sequence:
Cg= + H X  — -W  C3 + X " 2 -1 .  1)
C g+X" + iC 4  ► i C ^ t x -  + C3 2 - 1 . 2 )
iC  + X “ _ Ï2 _ ^ iC 4 =  + H X  2 - 1 .5 )
iC4"^X" + iC 4 =  iC g'^X" 2 - 1 .6 )
iC g + X "  + iC 4  iC g  +  iC 4 '*’x "  2 - 1 .7 )
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R eactions 2 -1 .  1 and 2 -1 . 2 a re  the in it ia t io n  reac tio n s . U n til 
steady state is  reached  in  a continuous re a c to r , these reac tio n s  -  
2 - 1. 1 and 2 - 1. 2 -  a re  resp o n s ib le  fo r  the buildup o f te  r t ia r  y -b u ty l  
cation s. R eactions such as 2 -1 .  6 and 2 -1 .  7 do not e ffe c t the te r t ia r y -  
buty l ion  co n cen tra tio n  as the ions a re  re g en e ra te d  on a o n e -to -o n e  
correspondence as they  a re  used. R eac tio n  2 -1 .  5 re p res e n ts  the  
consum ption of bu ty l cations. I f  the ra te s  o f p roduction  and con­
sum ption o f the carb o n iu m  ions a re  equated.
k 2 [C jt!C -][ iC 4 ] = k ,
but the n et ra te  o f fo rm a tio n  o f is  a lso  zero ;
+ X - = 0 = k j [ c 3=][lD ^  -  k 2  ^ 3 + X " ][iC  j  2 -2 .1 3 )
thus.
o r
T h e re fo re , the co n cen tra tio n  o f the te r t ia r y -b u ty l  ions m a y  
be considered  p ro p o rtio n a l to  the concentra tion  o f p ropy lene  in  the  
a c id  phase, due to  th e ir  buildup v ia  the  in it ia t io n  re a c tio n . T h is
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buildup w i l l  occur u n til steady state is  reached  w h e re  the re g e n e ra ­
tio n  o f these ions is  equal to the consum ption.
Knowing the above re la tio n , (c ), to  d e te rm in e  the value  o f 
fo r  a value o f the fo llo w in g  equations w e re  d e riv e d .
Using equation 2 -1 5  to  substitute fo r  (c) becom es:
[ iC 4 + X " ] i  = - ~  ^ C 3 = ^ H C i [ n x ] x  constant d)
A t the sam e ac id  co ncentra tion  fo r  another value  o f ^ ^ ^ iC ^ '*’X ”J
is :
D iv id in g  (e) by (d) the  re s u ltin g  ra tio  is





Now, m u st be used as a  base case. The m ost con­
ven ient base case fo r  th is  w o rk  appears to  be th a t one fo r  w h ich  
is  the lo w est, and then
(  ^3 )h C 2
[iC ^+X-jj = [ i c j j  Z 2 , 22)
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Thus, w ith  th is  one assum ption of a base case, the values of 
liC ^^X"] fo r  v ario u s  values o f [ ^ 3“]  j j q  m a y  be ca lcu la ted .
C oncentrations o f the O le fin ic  In te rm e d ia te s
The o le fin ic  in te rm e d ia te  concentrations m u st be s im ila r ly  
deduced. F i r s t  o f a l l ,  i t  is  recogn ized  th a t they  m u st b e a r some  
functiona l re la tio n s h ip  to  the in te rm e d ia te s  fro m  w hich  they  w e re  
fo rm e d . The products w h ich  they  fo rm  m u st a lso  be a  fa c to r . F o r  
exam ple, the re a c tio n  in vo lv ing  the fo rm a tio n  o f isobutylene
iC^'"'X - ------ ^ 1 0 4 = + H X  2 - 1 .5 )
is  an in d ica tio n  th a t the concentra tion  o f isobuty lene w ould be
'  ( t = 4 * 4 a c i d
T h a t fo r  the consum ption o f isobuty lene is
iC 4'"'X - + iC 4 =  -► iC g + X "  2 - 1 .6 )
but the only o th e r re a c tio n  invo lved  fo r  iC g ^  is
iC g t x -  + iC ^   ► iCg + i C ^ t x -  2 - 1 .7 )
Thus, i t  would seem  th a t
[iCg] = f | i C 4= |  2 -2 4 )
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But the concentration  of iC g  has been d e te rm in e d  by m ass  tra n s fe r ,  
so re v e rs in g  2 -2 4 ,
[iC 4=] .  £ ( [ i C j ] )  2 -2 5 )
As the fo rm  of the functions in  2 -2 3  and 2 -2 5  a re  not known, they  
m u st be es tim a ted . The s im p le s t fu n ctiona l fo rm  is  a  p ro p o rtio n .
Th is  is  the fo rm  w hich  w i l l  be used and the ac tu a l e xp ress io n  to  be  
used fo r  isobuty lene in  th is  w o rk  w i l l  be
[iC^=] = ( Y . ^ ^ ) ( i c / X - )  2 -2 6 )
w h ere  is  the m o le  fra c tio n  o f octanes in  the re a c tio n  p roduct
8
(excluding isobutane). A ssum ing  th a t the p ro p o rtio n  is  the c o rre c t  
fo rm  of fu n ctiona l re la tio n s h ip  o f o le fin ic  in te rm e d ia te s  to  the  o th er  
species, the expressions fo r  iC y "  and iC ^ "  m a y  be d e riv e d  as fo llo w s. 
The reac tio n s  fo rm in g  iC g "  a re
C jQ + X " -------► iC5= + C g+X" 2 -1 .  18)
and
iC ^^ + iC ^ '^ X "------ ► iC g= + C g+X " 2 - 1 .9 )
Thus,
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The fin a l exp ress io n  is
[ ‘ =5= ] = f  i C j  + B s = ]  + [ C j „ + X - ]
F o r  the va lu e  o f iC ^ " , the re a c tio n  fo rm in g  i t  is :
iC y + X - iC y -  + H X
Thus,
[iC 7=]»( [iC 7 + X -]
T h e  consum ption re a c tio n  is
iC ^ "  + iC ^ + X - -------► iC g -  + C^'^X+-V-
and
+ [c,]
T h e f in a l exp ress io n  is
( iC 7 + X - ]
2 -2 7 )
2 -1 .8 )
2 - 1 .9 )
2 -2 8 )
S u m m ary
T h e p reced in g  developm ent w i l l  be used w ith  the m a th e m a ti­
c a l m o d e l (equations 2 -3 .  1 th rough  2 - 3 .  18) to  d e te rm in e  the ra te  
constants fo r  the re a c tio n  o f iso b u tan e -p ro p y len e  a lk y la tio n  in  a  
continuous flo w , s t ir r e d  tan k  re a c to r . T h e  v a ria b le s  to  be p e rtu rb e d  
a re  te m p e ra tu re , o le fin  space v e lo c ity , and c a ta ly s t con cen tra tio n . 
T h e  v a lid ity  of the m o d e l is  to be te s te d  b y  the  v a r ia t io n  o f ra te
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constants w ith  te m p e ra tu re . I f  the equation
log  k. = log k  -  E /R T  2 -2 9 )1 OJ
w i l l  c o rre la te  the v a r ia t io n  of the v ario u s  ra te  constants w ith  
te m p e ra tu re , then the m o d e l w i l l  be considered  v a lid .
T h is  m odel, i t  is  fe lt ,  w i l l  have s e v e ra l advantages o v e r the  
type o f m o d e l p resen ted  by Jern igan , G wyn and C la rid g e  ( 14). F ir s t ,  
i t  is  based on a m o re  exact c h e m is try  -  no ra te  constants a re  con­
s id e re d  the sam e fo r  s e v e ra l re ac tio n s . Then, too, a l l  the m a jo r  
com ponents a re  considered  and not lum ped in to  "o th e r a lk y la te . "  
These p ro p e rtie s  w i l l  a llo w  the p re d ic tio n  o f the com position  o f an  
a lk y la te  p roduct w ith  re sp e c t to  the am ount o f Cg th rough  C jq .
T h is  m o d el w i l l  a lso  p re d ic t the q u an tita tive  e ffe c t o f te m p e ra ­
tu re  on the p ro d u ct d is tr ib u tio n . The q u a lita tiv e  e ffe c t o f c a ta ly s t  
co ncentra tion  m a y  a lso  be p re d ic te d . These a re  tw o  v a r ia b le s  not 
considered  by the p rev io u s  m o d e l.
The m odel in  th is  w o rk , how ever, does assum e constant 
em u ls io n  p ro p e rtie s  and, thus, is  not ab le  to  c o rre la te  the  p roduct 
d is tr ib u tio n  change w ith  change in  em uls ion . T h e  m o d e l o f Jern ig an  
and co w o rkers  doesn 't assum e th is  and does p re d ic t v a r ia tio n s  in  
pro d u ct q u a lity  w ith  changes in  em u ls io n  p ro p e rtie s .
The a cc u ra cy  o f the m odel d e riv e d  in  th is  ch ap ter is  dependent, 
o f course , on the  es tim a tio n s  o f the v a rio u s  co n centra tions . H ow ever,
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its  use is  not l im ite d  to the assum ptions m ade in  the estim atio n s . 
When m o re  data on s o lu b ilitie s , m ass tra n s fe r , and carbon ium  ion  
concentrations re la t iv e  to  p a ra ff in  concentrations is  a v a ila b le , i t  m ay  
e a s ily  be in c o rp o ra ted  in to  the m o d el in  its  p resen t fo rm .
I f  o th er lim ita t io n s  ex is t fo r  the m odel, they w ould be the  
num ber possib le  o f reac tio n s  fo r  the fo rm a tio n  o f a species (e . g . , 
nonanes and decanes). U nless fra c tio n s  o f ra te s  w e re  a scrib ed  each  
re a c tio n  as was done fo r  the C ^ 's , only one o v e ra ll route  fo r  the  
fo rm a tio n  of each species could be handled b y  the m odel. A ny l im it a ­
tio n  caused by th is  was sought to be m in im iz e d  by choosing the m ost 
lo g ic a l and m e c h a n is tic a lly  consistent route  of fo rm a tio n  fo r  each  
species to use in  the m o d e l.
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C H A P T E R  I I I
E X P E R IM E N T A L  A N D  A N A L Y T IC A L  
E Q U IP M E N T  A N D  P R O C E D U R E S
The only v a lid  te s t o f a  m a th e m atic a l m odel is  to d e te rm in e  
i f  i t  c o rre la te s  e x p e rim e n ta l data c o rre c t ly  as to the ex is tin g  th eo ry . 
To tes t the m odel p resented  in  C hapter I I ,  data was taken  using a 
s m all p ilo t a lk y la tio n  unit, a custom  sam pling  system , and m odern , 
w ell-k n o w n  a n a ly tic a l too ls . In  d iscussing the e x p e rim e n ta l equip­
m ent and its  operation , i t  w i l l  be convenient to  use the above th re e  
classes of apparatus and thus the th re e  corresponding phases of 
operation .
I .  A lk y la tio n  P ilo t  U n it
A n o v e ra ll d ia g ra m  of the a lk y la tio n  u n it is  shown in  F ig u re
3 -1 . In  F ig u re  3 -2  the re a c to r  s e tt le r  is  shown. L i  d iscussing the  
p r im a ry  components (w hich include (1) the product and feed  tanks,
(2) the d iap h rag m  feed  pum p, (3) the re a c to r , (4) the sam ple va lve , 
(5) the s e ttle r , and (6) the caustic  w ash v esse l), i t  w i l l  m ake  th e ir  
functions m o re  c le a r  to tra c e  the hydrocarbon ac id  s tream s  through  
the e n tire  system . The supporting components (including (1) the  
re a c to r  te m p e ra tu re  co n tro l loop, (2) m e ch a n ic a l sea l lu b r ic a ­
tion  and cooling loop, (3) the t r a c e r  in jec tio n  va lve , and (4) the  
p re ss u re  supply system ) w i l l  be d iscussed fo llo w in g  the p r im a r y  
components.
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The hydrocarbon re a c ta n t m ix tu re  is  fed  fro m  one of two  
feed tanks. The co n stru ctio n  and dim ensions of these tanks a re  
shown in  F ig u re  3 -3 . B y g ra v ity  the hydrocarbon  flow s in to  the  
suction side of a Lapp, L S -2 0 , d iap h rag m  pum p fro m  the feed  tainks. 
T h is  pum p has a m a x im u m  capac ity  o f 1, 040 c c /h r .
The d iap h rag m  pum p pum ps the hydrocarbon  th rough  the  
t r a c e r  in jec tio n  va lve  to the bottom  o f the re a c to r . H e re  the h yd ro ­
carbon is  fo rced  u n d er p re s s u re  through a hypoderm ic  need le , the  
tip  o f w h ich  is  p laced  ju s t under the tip  o f the tu rb in e  (F ig u re  3 -4 ) .  
Because o f th is  the feed e n te rs  in to  the re a c to r  under a  high v e lo c ity - 
about 20 f t .  / sec. T h is  a llo w s  the feed  to be im m e d ia te ly  d isp ersed  
in to  the a c id -h yd ro c a rb o n  em u ls io n . Thus, under conditions o f 
high ag ita tio n , no high lo c a l concentrations o f p ro p y len e  w ould  be 
expected w ith in  the em uls ion .
The re a c to r  is  constructed  o f #316 s ta in less  s te e l, fiv e -in c h  
n o m in a l d ia m e te r , 40 gage seam less p ip e . T h e  constructio n  smd 
dim ensions o f the re a c to r  a re  shown in  F ig u re  3 -4 .  N o t shown is  
the l id  and m ech an ica l sea l assem b ly  fo r  the tu rb in e  shaft.
The design is  o f a  s tandard , verticéüL-tube, continuous-flow , 
s t ir re d - ta n k  re a c to r . The liq u id  vo lum e in  the re a c to r  is  0. 0579  
f t . T h is  inc ludes the vo lum e occupied b y  the tu rb in e  and tu rb in e  
shaft. T h e  tu rb in e  is  the s tandard  s ix  f la t-b la d e  type designed and  
m an u factu red  by M ix in g  E qu ipm ent Compémy. T h e  d ia m e te r  and
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p lacem en t o f the tu rb in e  is  w ith in  standard  design p a ra m e te rs  of 
m ix e rs .
The re a c to r  is  jac k e ted  fo r  heating o r  cooling. The ja c k e t  
fo rm s  an an n u lar flo w  re g io n  about the  p e r ip h e ry  of the re a c to r  fo r  
upw ard  flo w  of the heat t ra n s fe r  m ed iu m .
T he em uls ion  o v erflo w  fro m  the re a c to r  en te rs  the  s e ttle r  
(F ig u re  3 -5 ) .  H e re  th e re  is  no a g ita tio n  and n eg lig ib le  flo w  v e lo c i­
tie s  due to the la rg e  a re a . "S ettlin g " o f the ac id  fro m  the em uls ion  
is  thus a ffec ted . The c le a r  hydrocarbon  o verflo w s out and the ac id  
is  re c y c le d  to the re a c to r  in  a c losed loop.
The hydrocarbon  p roduct o verflo w s  fr o m  the s e tt le r  in to  a  
caustic  w ash v es s e l (F ig u re  3 -6 ) .  H e re  the p roduct flow s o ver  
caustic  p e lle ts  to n e u tra liz e  any re s id u a l ac id .
F in a lly , the hydrocarbon  pro d u ct flow s b y  g ra v ity  in to  the  
p roduct tanks. These tanks a re  id e n tic a l in  constructio n  and d im en ­
sions to the two feed  tanks.
The secondary components have the fo llo w in g  functions:
(1) to co n tro l the re a c to r  te m p e ra tu re , (2) to lu b r ic a te  the m ech an i­
c a l seal assem b ly , (3) t r a c e r  in jec tio n , and (4) to  m a in ta in  a  
p re s s u re  on the e n tire  p ilo t  u n it.
R e a c to r T e m p e ra tu re  C o n tro l Loop
W a te r  was c irc u la te d  through the ja c k e t o f the re a c to r  back  
th rough  a  set o f c o ils  im m e rs e d  in  a  la rg e  (about 40 ga llons) w a te r
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bath. T h is  bath was e ith e r  cooled w ith  crushed ic e  o r  b locks o f d ry  
ic e  o r  heated v ia  a s team  c o il routed  through it .  F in e  te m p e ra tu re  
co n tro l was accom plished  by v a ry in g  the am ount o f bypass around  
the bath.
M e c h an ic a l Seal L u b ric a tio n  and C ooling Loop
A  lig h t o il m ade fro m  b lending n o rm a l heptane w ith  a  30 
w eigh t m o to r o il w as c irc u la te d  through  the  m e ch a n ic a l sea l 
assem b ly , acting  as both a  coolant and lu b ric a n t. I t  c irc u la te d  
through co ils  im m e rs e d  in  a  o n e -g a llo n  ic e  bath  fo r  cooling . The  
cooling system  was kep t under about 100 ps ig  to a id  in  the sealing  
ac tio n  o f the m ech an ica l seal.
T r a c e r  In je c tio n  V a lv e
T r a c e r  tes ts  using carbon 14 lab e le d  n o rm a l heptane w e re  
used to d e te rm in e  the res id en ce  t im e  d is tr ib u tio n  o f th e  re a c to r .
The on ly  p ra c t ic a l m ethod o f using ra d io a c tiv e  t ra c e rs  to study  
res id e n c e  t im e  d is trib u tio n s  in  s t ir r e d  tan k  re a c to rs  w as to  in je c t  
a pu lse  o f ra d io a c tiv e  m a te r ia l  in to  the re a c to r  and re c o rd  the  
am ount o f ra d io a c tiv ity  in  the re a c to r  e fflu en t w ith  t im e . T h e  t r a c e r  
in je c tio n  v a lve  shown in  F ig u re  3 -7  w as designed and b u ilt  by  
J . A . Cam ps (6) to acco m p lish  th is . T h e  t r a c e r  w as d raw n  in to  
the t r a c e r  c a v ity  by a  vacuum , the c a v ity  w as m oved in to  the path  
o f the feed  s tre a m  by the a c tio n  o f an  a ir -o p e ra te d  p is ton , and the  
feed  swept the t r a c e r  in to  the re a c to r . A s  th e  to ta l vo lu m e o f the
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3
tr a c e r  so in jec ted  w as only  about 0. 056 in . com pared  to a re a c to r  
vo lum e o f 0. 0579 ft . th is  m a y  be considered  to be a "pu lse"  
in jec tio n .
T h e  P re s s u re  S ystem
As w i l l  be discussed, the p resen ce  o f v o la tile  m a te r ia ls  in  
the p roduct re q u ire d  a p re s s u re  ap p lied  in  excess o f the vapor 
p re s s u re  o f the feed to keep a l l  hydrocarbons in  the liq u id  phase. 
E ven m o re  p re s s u re  w as re q u ire d  to  suppress c av ita tio n  fro m  the 
a ctio n  o f the tu rb in e  a t high R P M 's . To  m a in ta in  a su itab le  p re s s u re  
o f 140 to 150 psig , a  n itro g e n  b lan ke t w as used. One n itro g en  
supply system  w as connected to  the feed tanks, re a c to r , s e tt le r ,  
and product tanks by 1 /4  inch  copper tubing. In  th is  m an n er a l l  the  
p r im a r y  components o f the p ilo t u n it w e re  kep t a t the sam e p re s ­
s u re . The o th e r n itro g e n  system  w as connected to  a  b ackp ressu re  
re g u la to r  on the d ischarge  o f the d iap h rag m  pum p. T h is  w as done 
to  in s u re  that the pum p w ould  a lw ays  pum p against a  la rg e , constant 
p o s itiv e  head -  a  n e ce s s ity  fo r  its  p ro p e r o p eratio n .
I I .  S am pling  System
Because a la rg e  p o rtio n  o f the a lk y la te  p ro d u ct w as com posed  
o f hydrocarbons w h ich  b o il below  the o p eratin g  te m p e ra tu re s , the  
p ilo t  u n it was operated  u n d er p re s s u re s  su ffic ien t to  keep these  
compounds in  the liq u id  phase a t the  o p eratin g  te m p e ra tu re s . I f  
a  sam ple  is  d e s ire d  w h ich  has a  com position  re p re s e n ta tiv e  o f the
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re a c to r  e fflu en t, and thus, o f the re a c to r  contents a t steady state, 
i t  m u s t be taken  and s to re d  under a  p re s s u re  g re a te r  than the  
re a c to r  o p era tin g  p re s s u re . The sam pling  system  used in  th is  
w o rk  w as custom  designed and b u ilt  fo r  th is  purpose b y  P re c is io n  
Sam pling  C o rp o ra tio n  of Baton Rouge.
The sam pling  sys tem  inc luded  (1) the  em u ls io n  sam ple  
va lve  ass e m b ly  -  F ig u re  3 -8 , (2) the h ig h -p re s s u re  sam ple  v ia ls  -  
F ig u re  3 -9 , and (3 ) the  P ro b e  S am p le r -  F ig u re  3-101 A l l  th re e  o f 
the above devices  sea l ag a in s t h igh p re s s u re  by the sam e m ech a ­
n is m . T h is  in vo lves  a ho llow  shaft th rough  w h ich  the  liq u id  flow s  
and T e flo n  sea l f itte d  snugly around i t  -  see be low .
liq u id  out t
liq u id  in
i— I O P E N
S E A L E D
In  the "open" p o s itio n  liq u id  (o r  gas) m a y  flo w  in  the d ire c tio n  
shown o r  in  the opposite d ire c tio n , depending on the p re s s u re  
g ra d ie n t. In  the "sea le d "  p o s itio n  the  p o r t  is  entom bed w ith in  the  
T e flo n  sea l so th a t no flo w  occurs  and the p re s s u re  is  held .
The em u ls io n  sam ple  va lve  a s s e m b ly  w as lo c a te d  betw een  
the re a c to r  and s e t t le r  as shown in  F ig u re  3 -1 .  I t  is  f ro m  th is  
v a lv e  th a t the re a c to r  e fflu e n t sam ple  w as tédcen. T h e  ass e m b ly  
consisted  of a  P re c is io n  Sam pling  C o rp o ra tio n  " m ic ro  bom b v a lv e "
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u r n e d  f r o m  1 1 / 2 "  x  
1 1 /2 "  304 S. S. s to ck
P re c is io n  Sam pling C orp  
"M icro -b o rrrb  V a lv e "
A d a o t e r  to v i a l s
F IG U R E  3 -8
E M U L S IO N  S A M P L E  V A L V E  A S S E M B L Y
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i f
‘î i  T e f l o n  S h ie ld
Wrï.
W indow
F IG U R E  3 -9
H IG H -P R E S S U R E  S A M P L E  V IA L
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f it te d  in to  a th ic kw a lle d  s leeve . The va lve  had an ad ap ter on i t  
w h ich  a llow ed  any o f the h ig h -p re s s u re  v ia ls  to be connected to i t  
in  a p re s s u re  tig h t m an n er (see F ig u re  3-15). The assem b ly  had 
n eg lig ib le  holdup; thus, no stagnant pools o f c a ta ly s t w e re  ass o c i­
ated  w ith  i t  to  contam inate  a  sam ple .
The h ig h -p re s s u re  sam ple  v ia ls  shown in  F ig u re  3 -9  w e re  
used to c o lle c t and s to re  the sam ples fo r  a n a ly s is . T h e y  consisted  
e s s e n tia lly  o f a  h ig h -p re s s u re  glass syrin g e  body encased in  T e flo n . 
The sealing  device p re v io u s ly  d escrib ed  w as fitte d  in to  one end o f 
the syrin g e  body and the o th er end w as p e rm a n e n tly  sealed . The  
volum e w as s lig h tly  o ver f iv e  cc. The  T e flo n  in cas in g  had a  w indow  
w ith  w h ich  to o b serve  the sam ple . T h e  g lass w as m a rk e d  in  0 . 1 cc . 
d iv is io n s  and th is  w as used to d e te rm in e  the  am ounts o f hydrocarbon  
and a c id  in  the sam ple once the phases had separa ted .
The "P ro b e  S a m p le r" , shown in  F ig u re  3 -%  w as used to  
obtain  a sam ple o f the v o la t ile  liq u id  h yd rocarbon  fro m  the  sam ple  
v ia l  and in je c t i t  in to  the ch ro m ato g rap h  fo r  a n a ly s is . The  p robe has 
an ad ap ter w h ich  a llo w ed  i t  to be connected in  a p re s s u re  tig h t m a n ­
n e r  to a h ig h -p re s s u re  sam ple  v ia l .  T h e  need le  could be lo w e re d  
in to  the ho llow  shaft o f the v ia l.  The  shaft w ould  then  be lo w ere d  
u n til the p o rt w as in  the hydrocarbon  la y e r  o f the sam ple; th e  needle  
p lu n g er was then used to  w ith d ra w  a  h yd rocarbon  sam ple . Both  
the need le  and the v ia l  w ould  then be sea led  again . T h e  P ro b e
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S am p le r had a m a x im u m  cap ac ity  o f f iv e  m ic ro lite rs .  A s one 
m ic r o l i te r  w as the s tandard  in je c tio n  fo r  liq u id s  in to  a gas c h ro ­
m ato g rap h , a spacer was used fo r  th is  purpose.
I I I .  A n a ly tic a l Tools
The a n a ly tic a l m ethods used in  th is  w o rk  w e re  gas c h ro m a ­
tography  and a c id -b a s e  t it ra t io n . C hro m ato g rap h y  w as used fo r  
the qu an tita tive  and q u a lita tiv e  analyses o f the h ydrocarbon  sam ples . 
T itra t io n  was the to o l used to d e te rm in e  the w eig h t p e rc e n t HgSO^ 
in  the c a ta ly s t.
Gas C h rom atography  E qu ipm ent and Techniques
A  V a r ia n  M o d e l 1844 gas chro m ato g rap h  equipped w ith  
f la m e  io n iza tio n  d e tec to rs , l in e a r  te m p e ra tu re  p ro g ra m m e r , and  
a 200 f t .  by  0. 01 in . open tu b u la r  squalane coated co lum n w as used  
to an a lyze  the hydrocarbon  sam p les . T h is  is  shown in  F ig u re  3-11. 
C a lib ra tio n  o f th is  in s tru m e n t in vo lved  in je c tin g  sam ples o f known  
q u a lita tiv e  and q u an tita tive  com position , and using the re s u ltin g  
c h ro m ato g ram s  as standards. T h e  ch ro m ato g ram s  w e re  m ade on 
a H oneyw ell E le c tro n ik  16 re c o rd e r .
The s tandard  sam ples inc luded  one f ro m  the E sso  R e s e a rc h  
L a b o ra to r ie s , B aton Rouge, and one f r o m  the Baytow n R e s e a rc h  
D iv is io n  o f Esso R e s e a rc h  and E n g in ee rin g  Com pany, Baytow n, 
T e xa s . O th er s tandard  sam ples inc luded  m ix tu re s  o f p ropane, 
p ro p y len e , isobutane, isopentane, 2 , 2 -d im eth y lb u tan e , 2 , 3 -
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dim ethylbutane, 2 and 3 m ethylpentane, and 2 ,2 ,  4 -tr im e th y lp e n ta n e  
o f v a ry in g  com positions p re p a re d  in  the R eacting  F lu id s  L a b o ra to ry  
at L o u is ian a  State U n iv e rs ity .
E ach standard  w as ru n  under the sam e conditions: in i t ia l  
oven te m p e ra tu re  -  2 °C . held  fo r  3 1 /2  m in u tes , then p ro g ra m m ed  
a t 4 ° C . /m in . to 100°C . and held  u n til the e n tire  sam ple w as elu ted . 
Id e n tific a tio n  was based on re la t iv e  re te n tio n  tim e s  o f the peaks  
obtained b y  running the  standards supplied th e  two la b o ra to r ie s  of 
Esso R e s e a rc h  and E n g in eerin g  Com pany and com paring  the ch ro ­
m a to g ra m s  to  those supplied w ith  the sam ples.
Since a l l  o f the com ponents o f the a lk y la te  sam ple  w e re  
satu ra ted  p a ra ffin s , no "w e ig h t fa c to r"  was n e ce s sa ry  fo r  c a lib ra ­
tion  w ith  the fla m e  io n iza tio n  d e te c to r o f the gas chrom atograph .




Wp. =   X 100%
t  ^
i = l
w h ere  W p. = w e ig h t p e rc e n t com ponent i
A . = a re a  o f peak  corresponding  to  com ponent i1
T h e  a re a  o f the p eak  w as ap p ro x im ated  b y  c a lcu la tin g  the  
a re a  o f the  tr ia n g le  fo rm e d  b y  d raw in g  the tangent (through the
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in fle c tio n  point) o f each side (see F ig u re  3 -1 2 ). The use of this  
m ethod approxim ated  quite w e ll the actu a l w eigh t p e rcen t o f each  
peak in  a sam ple supplied by the Esso R esearch  L a b o ra to r ie s .
T h e re  w ere  th ir ty -tw o  components in  th is  sam ple ranging fro m  Cg 
to C jo * The average d evia tion  fro m  using the above m ethod averaged  
about 3%.
A nother m ethod fo r  ca lcu la tio n  o f peak a rea s  is  to m u ltip ly  
the peak height tim es  the w id th  a t h a lf the peak height. T h is  was  
ra th e r  d iff ic u lt  to do w ith  the  n a rro w  peaks (even a t high c h art 
speeds) obtained w ith  a c a p illa ry  colum n, and so the above m ethod  
w as used. On som e o f the b ro a d e r peaks the la t te r  m ethod w as  
t r ie d  to see i f  any d iffe re n ce  (w ith in  e x p e rim e n ta l accu racy ) w ould  
be obtained in  re la tiv e  peak a re a s . None w as apparen t.
The components in  the a lk y la te  sam ples w e re  id e n tifie d  as 
to  both th e ir  carbon nu m b er and is o m e ric  co n fig u ra tio n  w h e re v e r  
p ossib le . No unsaturates  w e re  found in  the sam ples. I t  w as found  
that s e v e ra l fa c to rs  a ffec ted  the re p e a ta b ility  o f the ca lcu la ted  
concentrations o f the d iffe re n t com ponents. These w e re  the m ag n i­
tude o f the peak a re a , the shape o f the peak, and the n u m b er o f 
peaks w ith in  a s e rie s  (fo r exam ple , the Cg s e rie s  consisted o f one 
peak; w hereas  the Cg s e rie s  consisted  o f th re e  peaks). F o r  th is  
reaso n  the s ta tis tic a l analyses o f the ca lcu la ted  concentrations have  
been b ro ken  down to a  basis  o f carbon  n u m b er. The re s u lts  o f these
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analyses a re  g iven  in  T ab le  3 -1 .
The 95% confidence l im it  values in  Tab le  3 -1  m a y  be in te r ­
p re te d  th a t 95% o f the concentrations w i l l  have a p ercen tage  v a ria n ce  
of less  than th is  value
T itra t io n  P ro ce d u re s
The co n cen tra tio n  of the s u lfu r ic  a c id  c a ta ly s t w as m e as u re d  
b e fo re  and a fte r  each e xp e rim e n t. A  f iv e  m i l l i l i t e r  sam ple  w as  
t i t ra te d  w ith  a s tandard  and n o rm a l N aO H  solution. To  in s u re  
re p e a ta b ility  the p ip ette  was r in s e d  w ith  d is t ille d  w a te r  in to  the  
b e ak e r contain ing the ac id  to be t it ra te d . T h is  w as n e ce s sa ry  
because o f the viscous n a tu re  of the ac id . The in d ic a to r  used was  
b ro m c re s o l p u rp le  w ith  an  end p o in t fro m  a c id  to  b as ic  o c cu rrin g  
a t a  p H  of 6 . 8.
The b u re tte  used w as a  s tandard  50 m l.  d e liv e ry  g lass  
b u re tte . The sca le  was in  0 . 1 m l.  and could be re a d  to  w ith in  
-  0. 05 m l. N o rm a l d e liv e ry  w as about 40 m l.  and, th e re fo re , the  
accu racy  of read in g  was w ith in  0 . 25%. Successive t itra t io n s  o f 
the sam e sam ple w e re  re p ea ta b le  to  w ith in  th e  sam e lim its .  
R a d io a c tiv ity  M e a su rin g  Techniques
The res id en ce  t im e  d is tr ib u tio n  w as m e a s u re d  by  in je c tin g  
a pulse of carb o n  14 la b e le d  heptane in to  the  re a c to r  and m eas u rin g  
the ra d io a c tiv ity  le v e l o f sam ples o f the re a c to r  e fflu e n t taken  o v e r  
a p e rio d  o f s e v e ra l m e an  res id en ce  t im e s . T h e  ra d io a c tiv e  sam ples
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T A B L E  3 - 1
A c c u ra c y  of the Gas C h ro m ato g rap h ic  
A netly tica l Technique
T y p ic a l V a lu e  
o f the C om position  95% Confidence L im its * (2 2 )
Com ponent (W t. P e rc e n t) (F ra c tio n  o f W t. P e rc e n t)
P ro p an e 2 . 87 .0 6 7 0
Isobutane 68. 51 . 1290
Isopentane 2 .2 0 . 1527
H exanes 2. 02 .2 1 2 8
H eptanes 1 6 .9 5 . 1834
Octanes 5 .4 5 . 1256
Nonanes .5 3 . 1844
D ecanes 1. 50 .2 7 7 4
*  The 95% confidence l im its  p resen ted  in  the re s u lts  inc luded  
in  th is  ta b le  a re  f ro m  a l l  n in e  e x p e rim e n ts . T h e  f i r s t  fo u r, how ever, 
have m o re  s c a tte r than the la s t  f iv e . The la s t f iv e  had fa r  b e tte r  
re p e a ta b ility . F o r  exam p le , the averag e  p e rc e n t d ev ia tio n  fo r  the  
a n a lys is  o f isobutane fo r  the f i r s t  fo u r exp erim en ts  w as 4 . 16%, w h ile  
th a t fo r  the la s t  f iv e  was 1. 29% . T h e  ave ra g e  p e rc e n t d ev ia tio n  
fo r  the C jQ  an a lys is  e xp e rim en ts  1 th rough  4  w as 16.09% ; th a t fo r  
5 through 9 w as 5. 55%.
The reaso n  fo r  th is  la rg e  d iffe re n c e  in  devia tions appeared  
to  be due to  the p robe s a m p le r . The s a m p le r w as a  p ro to typ e  as  
o r ig in a lly  used, and d id  not a lw ays  ap p ear to  s ea l p ro p e r ly . L a te r ,  
how ever, i t  w as re w o rk e d  b y  the  m a n u fa c tu re r and re p e a ta b ility  
im p ro ve d .
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w e re  taken  o ver s h o rte r in te rv a ls  im m e d ia te ly  fo llow ing  the t ra c e r  
in je c tio n  than la te r  in  the e xp e rim en t. The purpose o f th is  was to  
c h a ra c te r iz e  the in i t ia l  p o rtio n  of the ra d io a c tiv e  decay curve  
(p resen ted  in  the n ext section). The res id en ce  t im e  d is tr ib u tio n  
fu n c tio n  w as to be obtained fro m  th is  cu rve .
T he sam ples o f hydrocarbon contain ing the t r a c e r  w e re  
c a re fu lly  m e as u re d  as the ra d io a c tiv e  count w as to  be reduced to a  
counts p e r  u n it vo lum e b as is . T h ey  w e re  then p laced  in  a  s c in til­
la to r  solution. T h is  solution consisted of 125 g ram s  o f 2, 5 -  
diphenyloxazo le  (P P O ) and 2. 5 g ram s o f 1 ,4 -b io -2 - (4 -m e th y l -5 -  
p h en y lo xazo ly l)-b en zen e  d isso lved  in  to luene to m ake  one l i t e r  of 
solution. F o r  d e ta ils  o f the sam ple  p re p a ra tio n  p ro ced u re  r e fe r  to  
the w o rk  by  Cam ps (6 ).
T hese p re p a re d  sam ples w e re  then  p laced  in  a  P a c k a rd  
M o d e l 2000 L iq u id  S c in tilla tio n  S p ec tro m e te r fo r  counting. The  
sam ples  w e re  counted fo r  the m in im u m  tim e  re q u ire d  fo r  an averag e  
o f 2 X 10^ counts fo r  a l l  the sam ples correspond ing  to a  68% co n fi­
dence l im i t  o f -  0. 7% o f the to ta l count. R esu lts  f ro m  the res id en ce  
t im e  d is tr ib u tio n  m easu rem en ts  a re  d iscussed in  the n ext section.
TV. O p era tin g  P ro ced u res
In  the course  o f obtaining the experim ented  data, the fo llow ing  
operatio ns  w e re  c a r r ie d  out; p re p a ra tio n  o f the  feed  b lend, p re p a ra ­
t io n  o f the c a ta ly s t, p r im in g  th e  re a c to r  and s e t t le r , s ta rtu p , and
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F IG U R E  3 -13
P A C K A R D  L IQ U ID  S C IN T IL L A T IO N  S P E C T R O M E T E R
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sam pling . The p ro ced u res  and spec ia l equipm ent invo lved  w i l l  be 
discussed in  chrono log ica l o rd e r w ith  resp ec t to the e x p e rim e n ta l 
p ro ced u res .
P re p a ra tio n  o f F eed  Blend
The feed blends used w e re  m ix tu re s  o f p ropy lene  and is o ­
butane. These ch em ica ls  w e re  supplied by the  M atheson Com pany  
and each had a m in im u m  p u r ity  o f 99 . 0%. "fhe m a te r ia ls  cam e in  
the fo rm  o f liq u id s  under th e ir  own vap o r p re s s u re . T h e re fo re , to  
rem o ve  the  isobutane o r  propy lene  as a  liq u id  i t  was n e ce s sa ry  to  
in v e r t  and p re s s u r iz e  the c y lin d e r so th a t (1) the liq u id  could flo w  
dow nw ard and (2) no v a p o riza tio n  o f the liq u id  w ould o ccu r as the  
c y lin d e r was em ptied . Thus, the isobutane and p ro p y len e  could be 
t r a n s fe r r e d  as liq u id s  to  the feed  b lend c y lin d e r.
The feed  b lend c y lin d e r is  shown in  F ig u re  3 -1 4 . I t  was  
n e ce s sa ry  th a t th is  c y lin d e r be qu ite  m o b ile , as the liq u id  feed  had 
to be ag ita ted  v e ry  v ig o ro u s ly  in  th is  c y lin d e r to  in s u re  com plete  
blending o f the isobutane and p ro p y len e . F o r  th is  reaso n , i t  w ould  
have been quite inconvenient to in v e r t  th is  tank  v a lv e -d o w n  each  
t im e  i t  w as n e ce s sa ry  to  f i l l  the  feed  tan ks. Thus, the double 
valve  -  standpipe a rra n g e m e n t shown w as adapted to  the  feed  b lend  
c y lin d e r. Once the feed  w as m ixe d , a  n itro g e n  supply could be 
connected to the side v a lv e  fo rc in g  the liq u id  in to  the standpipe and  
out the top  va lve , w h ich  w as connected to the feed  tanks o f the p ilo t  
u n it.
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■Liquid feed b lend out
1 /4 "  W h itey  valve 3 /4 "  standard  s te e l tee
N ,  in le t
S tandard lA  high, p re s s u re  
gas c y lin d e r “
1 /4 "  Schedule 40 s te e l 
pipe
F IG U R E  3 -1 4
F E E D  B L E N D  M IX  T A N K
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W hen p re p a rin g  a feed blend, the m ix in g  cy lin d er w as p laced  
on a set o f scales (cap ac ity  of 300 pounds) and a p re d e te rm in e d  
am ount o f isobutane w as w eighed in . Then , the m o re  v o la tile  
p ropy lene  was added. T h e  c y lin d e r w as then ag ita ted  to m ix  the  
com ponents. A  sam ple o f th is  feed  b lend w as subsequently ru n  on 
the ch ro m ato g rap h  fo r  a  m o re  p re c is e  d e te rm in a tio n  o f the p ro p o r­
tions  of isobutane and p ro p y len e .
P re p a ra tio n  of C a ta ly s t
P a r t  o f th is  w o rk  in vo lved  d e te rm in a tio n  of the q u a lita tiv e  
effec ts  of the c a ta ly s t co n cen tra tio n  on the re a c tio n  ra te  constants. 
To do th is  the ac id  had to be d ilu te d  w ith  o rg an ic  m a te r ia ls  to  s im u ­
la te  a degraded a lk y la tio n  c a ta ly s t. Consequently, a  su itab le  
o rg an ic  d ilu en t had to  be se lec ted . S h le g e r is  (30) noted th a t an  
u n satu ra ted  Cg cation  m a y  be a  source o f a c id  d iluen ts  in  a lk y la ­
tio n . He showed how th is  io n  could undergo is o m e r iz a tio n  to  a  
tr im e th y lc y c lo p e n te n y l catio n  . . In  a  study e n title d  "T h e  F a te  o f
the B u ty l C ation  in  96% H 2 SO4 " Deno e t aL (8 ) contacted 2, 2 , 4 -  
tr im e th y lp e n te n e  (d iisobuty lene) w ith  96% s u lfu r ic  a c id . O n e -h a lf o f 
the hydrocarbon  ap peared  as sa tu ra ted  p ro d u cts . The o th er h a lf  
d isso lved  in to  the  ac id  in  the  fo r m  o f s tab le  tr im e th y lc y c lo p e n te n y l 
cation s. Thus, the a c id  used in  th is  w o rk  w as d ilu te d  w ith  d iiso ­
buty lene w h ich  fo rm s  the tr im e th y lc y c lo p e n te n y l io n  w h ich  Deno  
c la im s  to  be in e r t  to  fu r th e r  re a c tio n . A l l  o f the s u lfu ric  ac id
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used w as contacted f i r s t  w ith  d iisobutylene so that th e re  w ould  
e x is t no e ss e n tia l d iffe re n ce s  in  c a ta ly s t c h a ra c te r o th er than  
p e rc e n t H 2SO4 . The ac id  used in i t ia l ly  had about 2 . 3 to 2 . 5% w a te r .  
A fte r  d ilu tin g  the ac id , i t  was t it ra te d  to  obtain  the p e rce n t I^ S O ^ .  
The d ilu tio n  and t it ra t io n  w as p e rfo rm e d  u n til the a c id  w as o f the  
d e s ire d  s trength . The ty p ic a l c o m m e rc ia l range o f ac id  concen­
tra tio n s  is  f r o m  98% down to 88 %. To  s im u la te  th is  range two  
concentrations o f the c a ta ly s t w e re  se lected  as 95% and 90%
(w eight).
A fte r  adding the ac id  the u n it w as p re s s u r iz e d  to 70 ps ig , 
and the re a c to r  and s e tt le r  w e re  f i l le d  w ith  liq u id  isobutane up to  
the o v erflo w  lin e s . T h is  corresponded to about 8  pounds to ta l o f 
isobutane. T h is  served  two purposes: (1) to a c t as an in itié il f i l l  
in  the re a c to r  and s e tt le r  so th a t p h y s ic a l steady state  w ould  be  
q u ick ly  reached , and (2 ) so th a t the ac id  w ould  be contacted (once  
the tu rb in e  pow er w as tu rn ed  on) w ith  p u re  isobutane and becom e  
satu rated  w ith  i t .
S ta rt-u p
A fte r  the re a c to r  a r s e tt le r  w e re  charged w ith  a c id  and 
isobutane, the  s t ir r in g  m o to r w as tu rn e d  on and both the  sea l 
coolant pum p and the te m p e ra tu re  c o n tro l pum p w e re  s ta rted .
The re a c to r  te m p e ra tu re  w as guided to  the d e s ire d  le v e l by e ith e r  
applying  s team  o r  ice  to  the la rg e  w a te r  bath . T h is  te m p e ra tu re
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w as read  using e ith e r  a Leeds and N o rth ru p  o r  H oneyw ell s tr ip  
re c o rd e r  w ith  a C opper-C onstantan  therm ocoup le . In  e ith e r case 
the te m p e ra tu re  m e as u re m en t w as w ith in  i 2 ° F .  w ith  c a lib ra tio n .
Once the te m p e ra tu re  s ta b ilize d  a t the d e s ire d  value , the  
feed w as s ta rted . (S tab iliz in g  the te m p e ra tu re  g e n e ra lly  took a t  
le a s t ten  m in u tes , thus a llo w in g  the isobutane to begin  to satu rate  
the ac id . ) The ap p ro x im ate  v o lu m e tr ic  feed  ra te  w as d e te rm in ed  
im m e d ia te ly  a fte r  the feed was tu rn e d  on. A  feed  ra te  o f  12. 5 cc. /  
m inute  was set on the feed  pum p, but th is  v a r ie d  - 0 .  3 cc. /m in u te  
fo r  any ru n  and th e re fo re  had to be d e te rm in e d  b y  change in  feed  
tank le v e l w ith  t im e . The exact feed  ra te  w as d e te rm in e d  by  
tim in g  le v e l d ecrease  in  the s m a ll feed  tank o f about 40 inches. The  
a ccu racy  w ith  w h ich  the le v e l could be m easu red  w as about -  0. 05 
inches a t the in it ia l  le v e l, and the sam e fo r  the f in a l le v e l. Thus, 
the acc u ra cy  in  d e te rm in a tio n  of the feed  ra te  w as w ith in  0. 5%. The  
p roduct ra te  w as m easu red  in  the sam e m an n er except th a t the  
la r g e r  p roduct tank w as used. O nly about 6" d iffe re n ce  was  
m easu red  on th is  tan k  m aking  the acc u ra cy  o f m eas u rin g  the product 
ra te  c o rre c t to w ith in  about 3%.
Sam pling P ro c e d u re
Sam pling w as d e fe rre d  u n til "s tead y  s ta te" conditions  
w e re  a tta in ed . R eaching th is  le v e l re q u ire d  th re e  hours fro m
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s ta r t-u p . *  A t th is  t im e  the f i r s t  sam ple was taken  and the tim e  and 
re a c to r  te m p e ra tu re  re co rd e d . T h re e  o th er sam ples then w e re  taken  
in  a l ik e  m an n er in  eq u a lly  spaced in te rv a ls  w ith in  a 20 to 30 m inute  
p erio d , except in  the case w hen a ra d io a c tiv e  t r a c e r  te s t w as c a r ­
r ie d  out when the sam pling  p e rio d  was extended to  o v e r two hours.
The sam pling  p ro ced u re  is  i l lu s tra te d  in  a s e rie s  o f photographs in  
F ig u re s  3 -1 5  through 3 -1 8 .
V . S u m m ary  of E x p e rim e n ta l Conditions
The a p p lic a b ility  o f the m a th e m a tic a l m o d e l w as te s te d  under 
a v a r ie ty  of e x p e rim e n ta l conditions. The v a r ia b le s  p e rtu rb e d  w e re  
te m p e ra tu re , ac id  co n cen tra tio n  and o le fin  space v e lo c ity . A  to ta l 
o f n ine exp erim en ts  w e re  m ade in  w h ich  m ean in g fu l cinalyses w e re  
obtained. The conditions fo r  these exp erim en ts  a re  sum m a r iz e d  in  
T a b le  3 -2 .
S ev e ra l p r io r  e xp e rim en ts  w e re  m ad e. H o w ever, fo r  
vario u s  reasons, no m ean in g fu l re s u lts  w e re  obtained. A t  f i r s t  
98% s u lfu ric  ac id  (m ade using  96% H2 SO4 , " fu m in g " H^SO^ and  
diisobutylene) w as used to  c a ta ly ze  an a d u la t io n  re a c tio n  using 15% 
by w eigh t propy lene  a t 5 0 ° F . T h e  product f r o m  th is  re a c tio n  was
*  F o r  a hydrocarbon  feed  ra te  o f 12. 5 cc. /m in .  and a  hydro­
carbon  vo lum e in  the re a c to r  o f 655 c c . , th is  corresponds to  about 
3 1 /2  m ean  res id en ce  tim e s  o r  about 97% o f the th e o re tic a l steady  
state  le v e l.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
127
F IG U R E  3 -1 5
S T E P  O NE: S A M P L IN G  F R O M  E M U L S IO N  
S A M P L E  V A L V E  A S S E M B L Y
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F IG U R E  3 -1 6
S T E P  TW O : P O S T -P R E S S U R IZ IN G  
T H E  S A M P L E  V IA L




F IG U R E  3 -1 7
S T E P  T H R E E : O B T A IN IN G  H Y D R O C A R B O N  S A M P L E  
F R O M  V IA L  W IT H  T H E  P R O B E  S A M P L E R
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:
F IG U R E  3 -18
S T E P  F O U R : IN J E C T IO N  O F  H Y D R O C A R B O N  
S A M P L E  IN T O  GAS C H R O M A T O G R A P H
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T A B L E  3 - 2
S um m ary  of E x p e rim e n ta l Conditions
T e m p e ra tu re  O le fin  Space % H 7 SO4  
E xp e rim en t___________° F ._____  V e lo c ity  S ta rt End
2 65 0 . 104 9 6 .3  9 5 .0
9 65 0 .1 1 8  9 6 .4  9 4 . 9
5 65 0. 101 9 0 . 6  8 9 .3
6 81 0 .1 8 5  9 7 . 2  9 2 . 3
1 81 0 .1 0 4  9 0 . 7  8 9 .6
7 105 0 .1 1 8  9 6 . 3  9 5 . 2
4 105 0. 105 9 0 . 8  8 9 .5
8 120 0 .1 3 1  9 6 .4  9 4 .9
3 135 0 .1 0 4  9 6 . 5  9 4 . 2
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c h a ra c te r iz e d  by the p resence of la rg e  am ounts o f heavy compounds 
in  the Cg plus range w hich  w e re  m o re  than h a lf the to ta l w eigh t of 
the C 3 p lus sam ple . T h re e  m o re  exp erim en ts  w e re  a lso  ru n  using  
the  sam e ac id  a t te m p e ra tu re s  ranging fro m  50 to  7 0 °F . and s im ila r  
re s u lts  w e re  obtained. The to ta l ru n  t im e  w as about tw en ty  hours  
and ac id  sam ples w e re  co llec ted  a t the end o f each run , but analys is  
w as d e fe rre d . A t the end o f the la s t ru n  the a c id  w as taken  out o f 
the re a c to r , and its  vo lum e appeared  to  have doubled. T it ra t io n  o f 
th is  ac id  gave a f ig u re  o f 48% b y  w eigh t HgSO^. A p p a re n tly  lo w  (in  
the range of 5 0 °F . ) o peratin g  te m p e ra tu re s  caused th is  la rg e  
decrease  in  c a ta ly s t s tren g th  by the fo rm a tio n  o f s tab le  e s te rs  w ith in  
the acid . B irc h  e t a l. (4) no ticed  s im ila r  re s u lts  in  th e ir  w o rk  in  
attem p tin g  to a lk y la te  isobutane w ith  p ro p y len e  a t  2 0 °C . using 97% 
s u lfu ric  ac id  as a c a ta ly s t. S ince th is  te m p e ra tu re  p ro b le m  was  
noted and c o n firm ed  b y  the w o rk  above the e xp e rim en ts  w h ich  
fo llo w ed  w e re  ru n  w ith  fre s h  c a ta ly s t and a t h ig h er te m p e ra tu re s .
F o u r  subsequent exp erim en ts  w e re  p e rfo rm e d , but no 
m ean in g fu l chro m ato g rap h  analyses w e re  obta ined. In  the Cq and  
CiQ  range on the ch ro m ato g ram s  la rg e  "odd-shaped" peaks appeared . 
These w e re  subsequently id e n tif ie d  as a c id  so lub le  hydrocarbon  
compounds w h ich  co llec ted  in  the stem s o f the sam ple  v ia ls . These  
im p u r it ie s  w e re  e lim in a te d  in  subsequent w o rk  b y  w ith d raw in g  
s e v e ra l sam ples  w ith  the P ro b e  S am p le r b e fo re  one w as in je c te d  
in to  the chrom atograph .
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The p e rc e n t ac id  in  em u ls io n  w as m a in ta in ed  a t a constant 
value o f 60% by vo lum e. T h is  w as c o n tro lled  by the am ount o f 
a c id  charged  in to  the re a c to r  and w as c o n firm ed  a t 6 5 ° F . and 8 1 °F .  
runs by the re la t iv e  am ounts o f ac id  and hydrocarbon  in  the sam ple  
v ia ls . A t h ig h er te m p e ra tu re s  the e m u ls io n  began b reak in g  a t  the  
re a c to r  o u tle t and thus the re la t iv e  am ounts o f a c id  and hydrocarbon  
w e re  not a re p re s e n ta tiv e  o f those w ith in  the re a c to r .
R esidence T im e  D is tr ib u tio n  T e s t
The re s u lts  f ro m  the t r a c e r  te s t gave the res id en ce  t im e  d is ­
tr ib u tio n . T h is  te s t w as c a r r ie d  out w ith  the feed  ra te  and im p e lle r  
speed the sam e as the o th e r a lk y la tio n  e x p e rim e n ts . T h e  feed  ra te  
w as m a in ta in e d  a t 12. 5 -  0. 3 cc . /m in . and the  im p e lle r  speed was  
1, 700 R P M .
A  p lo t o f t r a c e r  co n cen tra tio n  in  counts p e r  m in u te  v e rsu s  
t im e  in  hours is  shown in  F ig u re  3 -  19. T h e  lin e  d raw n  is  a  le a s t  
squares f i t  o f the data po in ts .
A  g e n e ra l m o d e l fo r  m ix in g  in  a  s t ir r e d  tan k  is  d escrib ed  
as a b a ck m ix  re a c to r  w ith  bypass, dead space, and p lug  flo w . The  
equation w h ich  d escrib es  the decay  o f a  pu lse o f t r a c e r  fo r  th is  
m o d el is
C /C «  = ne“ <P-®>/“
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2.0 2 .51 .50. 5 1.00. 0
T im e  (h r . )
F IG U R E  3 -1 9
R E S ID E N C E  TIIÆ E D IS T R IB U T IO N  P L O T  
FO R  A L K Y L A T IO N  R E A C T O R
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w h ere  C = concentra tion  o f t r a c e r  a t any tim e , t 
Cq = in i t ia l  concentration  of t r a c e r
0 = d im en sion less  t im e , equal to the ra tio  o f the tim e , t,
to  the m ean  res idence  tim e , t
n  = the fra c tio n  of the feed  w h ich  en ters  the re a c to r
(1 -n ) = the am ount o f bypass
p = the fra c tio n  of the re a c to r  contents w h ich  is  con­
s id e re d  to be in  a p lu g -flo w  reg io n
m  = the fra c tio n  of the re a c to r  contents w h ich  is  con­
s id e re d  to be p e r fe c t ly  m ixe d
F o r  the above m odel
m  + p + d = 1
w h e re  d is  the fra c tio n  o f the re a c to r  w h ich  is  dead space. The p a ra ­
m e te r , p, is  the d im en sion less  t im e  d e lay  u n til a response fro m  an  
in je c tio n  w as noticed.
To d e te rm in e  p the shape o f the curve  f ro m  t im e  z e ro  is  needed. 
The f i r s t  data p o in t on the p lo t in  F ig u re  3 -19  w as taken  a t seven m in ­
u tes . T e ch n ic a l d iff ic u ltie s  p reven ted  e a r l ie r  successfu l sam pling . 
Thus, on ly  an upper bound on p can be obtained fro m  th is  data, i .  e . , 
p = 7 m m . /SO. 4  m in . = 0. 14. H o w ever, in  the w o rk  o f Cam ps (6) 
using a  system  th a t s im u la ted  th is  r e a c to r -s e t t le r  sys tem  the value  
o f p w as found to be ze ro  in  a  h e p ta n e -s u lfu ric  ac id  em u ls io n  w ith  
a g ita to r  speeds lo w e r  than th a t used in  th is  te s t. T h e re fo re , i f  th is  
conclusion  m a y  be ap p lied  to  th is  w o rk  and the  g e n e ra l m o d e l reduces to
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C = Co
To d e te rm in e  the values of n and m  the m ean  res id en ce  t im e , t, 
and the in i t ia l  t r a c e r  concentra tion  is  needed. These a re  g iven hy  
(18)
£• _ Jo c(t)tdt 
J'c{t)dt
X  C (t)d t 
o f
The value of t  m a y  be obtained fo r  th is  w o rk  b y  g rap h ica l 
in te g ra tio n  o f F ig u re  3 -1 . The re s u lt  is  t  = 5 0 .4  m in u tes .
The va lu e  o f using g ra p h ic a l in te g ra tio n  o f F ig u re  3 -2 0  
is  20, 200 cpm .
A  le a s t squares re g re s s io n  analys is  on the data points on 
F ig u re  3 -2 0  gives
C = 1 9 ,4 8 0
Com bining th is  equation w ith  the re s u lts  fo r  C g ives the va lu e  of n.
nC^ = 1 9 ,4 80  cpm
n  = 0 . 9 6 4
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A lso , since t / f  = 0 the value  of m  can be com puted in  the fo llow ing
m an n er:
- 1 .  127t = -n O E /m  = - n t /m
or
1. 127 = n /m
and
m  = 1 .0 2
These values a re  a c c u ra te  to w ith in  10% to  95% confidence l im its .  
Thus, i t  m a y  be s tated  th a t w ith in  e x p e rim e n ta l e r r o r  the decay  
equation is
C /C „ = e-9  
o r tha t the re a c to r  is  p e r fe c t ly  m ixe d .
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C H A P T E R  I V  
R E S U L T S  A N D  C O N C LU SIO N S
I .  S u m m ary  o f R esu lts
Isobutane w as a lk y la te d  w ith  p ro p y len e  w ith  a  s u lfu ric  ac id  
c a ta ly s t in  the s m a ll p ilo t  u n it d escrib ed  in  C h ap ter TTT A  s e rie s  
of exp erim en ts  w e re  p e rfo rm e d  in  w h ich  the v a r ia b le s  p e rtu rb e d  
w e re  te m p e ra tu re , o le fin  feed  concentra tion , and c a ta ly s t s treng th . 
The te m p e ra tu re  w as v a r ie d  fro m  6 5 ° F .  to 1 3 5 ° F . , the o le fin  feed  
co n cen tra tio n  fro m  12. 5 to  22 . 4% b y  w eigh t, and the c a ta ly s t 
strengths used w e re  95 and 90% E^SO^ b y  w eig h t. A  m o re  d e ta ile d  
p re se n ta tio n  o f e x p e rim e n ta l conditions w as shown in  C hapter I I I .
Using  the hydrocarbon  feed  and product d is tr ib u tio n s  (w eight 
p e rce n t), the  hydrocarbon  feed  ra te  (cc . /m in . ) ,  and the s u lfu ric  
ac id  co n cen tra tio n  (% H 2SO4  by  w eig h t) the ra te  constants p resen ted  
in  C hapter I I  w e re  eva lu ated  fo r  each e xp e rim e n t. T h e  fo llo w in g  
values o f p a ra m e te rs  w e re  used: co n cen tra tio n  o f isobutane in  the  
acid  phase -  7. 0 x  10"'^ lb . / lb .  ^ 2 8 0 ^; co n cen tra tio n  o f p ropy lene  
fo r  the base case o f 12. 5% b y  w eig h t p ropy lene  in  the feed  -  1. 0 x
-9  , o.
10 lb . m o le /f t .- ’ H 2 SO4 Î A , the  constant re la tin g  th e  p ro p o rtio n  o f  
ion  co ncentra tion  p e r  p a re n t species co n cen tra tio n  -  10~^. A s  ' 
pointed out in  C hapter I I  these  va lues  w e re  not c o m p le te ly  a r b i­
t r a r y ,  but ra th e r  se lec ted  so th a t the f i r s t  o rd e r  re ac tio n s  in  th is
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w o rk  would a p p ro x im ate  the o rd e r  of m agnitude observed by  
N a w o rsk i (25 ). T h e  re s u ltin g  f i r s t  o rd e r ra te  constants ranged  
f ro m  2 X 10^ to 1 x  10^ sec. N a w o rs k i's  ra te  constant, i t  w i l l  
be re m e m b e re d , w as in  the o rd e r  o f 10^ sec. H o w ever, the  
re a c tio n  he was studying w as the  p o ly m e riz a tio n  o f butene in  su l­
fu r ic  acid; the analogous re a c tio n  in  th is  w o rk  w as
Cg= + H X  ---------► C g + X - 2 -1 .  1)
c e
The value  of k j  w as found to v a ry  betw een 2. 12 x  10 and 3. 09 x  10
c c . /g m . m o le -s e c . in  th is  w o rk .
The second o rd e r  ra te  constants in  th is  w o rk  v a r ie d  f ro m  
-  18
2 X 10 to 1 X 10 (cc . /g m . m o le -s e c . ). The w id e  range o f values  
o f the second o rd e r  ra te  constcints w as due to  the fa c t th a t the  s u l­
fu r ic  ac id  w as considered  a re a c ta n t in  c a lcu la tin g  the va lues  o f
the ra te  constants. A s  its  conco ntration  w as on the o rd e r  o f 10^ to
1210 t im e s  g re a te r  than the o th e r re ac ta n ts , the ra te  constants fo r  
the reac tio n s  in  w h ich  i t  appeared  w e re  v e ry  s m a ll as co m p ared  to  
the o th er second o rd e r  constants.
I I .  V a lid ity  o f the M a th e m a tic a l M o d e l \
The m o d el w as to  be tes ted  b y  the  re s u lts  obtained a t a  c a ta ­
ly s t  s trength  o f 95%. I f  the ra te  constants w e re  consis ten t w ith  the  
A rrh e n iu s  equation, the m o d e l w as to  be considered  v a lid . The
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T A B L E  4 -  1
R esu lts  o f the L e a s t Squares F its  of the R ate  Constants  
O ve r the Range of 81 to 1 3 5 °F . and w ith  a 
95% HgSO^ C a ta ly s t
R eactio n  G roup
In it ia t io n  
C3= + H X  Cg+X"
C g + X - + iC 4  —^ 2 .»  Cg + iC 4 + X  
P r im a r y
1C7+X"
ke
iC 4 + X - + Cg=
iC^+X- + 1C4
S e lf~ A lk y la tio n
iC^ + ÎC4+X"
1C4+X" ^  iC 4 =  + H X
1C 4+X - + iC ^ =  J l i O ^  iC g + X "  
iC g + X - + iC 4  iC g  + ÎC 4+X "








F req u en cy  F a c to r
(--------  -l)ygm . m o le -s e c . ; sec. /
1. 01 X lo"̂
2. 07 X lO l l
1. 99 X 10
4 .2 0  X 10
17
10
3. 92 X 104 
5 .6 3  X 10^9
5. 35 X 10 10
A c tiv a tio n  E n erg y  
(K c a l . /g m . m o le )




0 .4 0  
4. 10 
0. 0





































T A B L E  4 -1  (contd. )
R eactio n  G roup R ate  L a w
F re q u en cy  F a c to r
1 i l\g m . m o le -s e c . ; sec. J
A c tiv a tio n  E nergy  
(K cal. /g m . m ole)
D e s tru c tiv e  A lk y la tio n
iC y + X "  iC.y= + H X k A 7 . 4 9  X 105 1. 08
iC.y= + iC ^ + X "  J l y >  iC g^ + C ^ + X - kA B 3. 64  X l o f i 5. 73
iC g "  + H X  _ h l i >  iC g + X " k A B 1 .  62  X l o l l 3 .6 9
iC g + X "  + iC ^  ^3 ^  iC g  + iC 4 + X ‘ k A B 3. 29  X 1 0 ^ 0 0 . 0
C ^ ^ X - + iC 4  — i C6 + iC 4 + X " k A B 4. 04 X 10^0 0. 0
iC y + X -  +  € 3 = C jQ + X - k A B 3. 72 X 1017 2. 59
C i o t x -  +  iC 4  _ ± 8 _ ^  C io  + iC 4 + X - k A B 6 .  6 8  X lO lO 0. 0
iC g =  +  ÎC 4 + X "  C 9 + X " k A B 4. 26 X I 01 9 2 . 6 5
0 6 +  Cg= - h l Z ^  C9 +X " kA B 0 .  0 0 . 0
C g+X" + iC 4  - ^ 7  ► C 9 + iC 4 ’’'X “ k A B 6 .  02 X lo lo 0. 0
C io + X ' _ h l8 ^  iC g=  + iC g + X - kA 4, 45 X 10^1 8 .4 0
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ap p aren t a c tiv a tio n  e n erg ies  in vo lved  a re  g iven. I t  should be noted  
th a t in  e v e ry  case except fo r  kg through  kg the a c tiv a tio n  en erg y  
w as p o s itiv e , in d ica tin g  th a t the re a c tio n  ra te  constants in c re a s e  
w ith  te m p e ra tu re  in  keep ing  w ith  re a c tio n  ra te  th e o ry . T h e  a c t iv a ­
tio n  en erg ies  obtained fo r  kg through  kg w e re  equal to  z e ro  w ith in  
the l im its  o f e x p e rim e n ta l e r r o r .  T h is  w as to be expected due to  
the assum ptions o f constant m ass  tra n s fe r  c o e ffic ie n t and isobutane  
co n centra tion . The values of kg th rough  kg w e re  c a lc u la ted  f ro m  the  
fo llo w in g  type o f equation, e. g . , kg .
^ [ iC 5 t X - ] [ iC j  2 -3 .3 )
The ra te  r^Qg is  the co n cen tra tio n  o f iC g  in  the hyd ro carb o n  phase  
tim e s  the p ro d u ct flo w  ra te . A ls o , the  co n cen tra tio n  o f iC g  in  the  
ac id  phase is  ca lcu la ted  b y  the m a ss  tra n s fe r  equation be low .
  + < ^ iC 5>HC 2 - 17)
w h e re  is  equal r . ^  ^ iC s  m o le c u la r  w e ig h t
o f iC g .
Now th e  va lu e  o f r .^ ^  in  te rm s  o f is
P = " iC ;  = (C jC ,)H C ^  4 -1 )
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w h ere  W  is  the m ass flo w  ra te  of the p ro d u ct s tre a m . Substituting  
th is  into  equation 2 -1 7 , the re s u lt is
o r  d iv id in g  by and m u ltip ly in g  by the d en sity  o f the ac id ,
the e xp ress io n  above becom es
r _  1 ^ ( _______ !—  ^ _ _ v _  )
L iC g j 'ÏCg
= ' iC ;  (  K g , '  ^ W K ^ c .  4 -3 '> i C 5 ^  D iC
Substitu ting  th is  re s u lt  in to  equation 2 -3 .  3 , noting  th a t [ iC g ^ X ”]  is  
equal to  [iCgjz
r iC g
^3 -  [ i C j Z [ i C j
r iC 5/ ( z [ i C j ) ____________
o r
T h e  m ass  tra n s fe r  c o e ffîc îe n t w as constant as w e re  th e  co n cen tra ­
tio n  o f iC ^ , the va lues  o f Z ,  V , W,  P ac id * the  phase d is tr ib u tio n
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c o e ffic ie n t Thus, the ra te  constants k2 through kg w e re  not
a  function  o f te m p e ra tu re . A lthough th is  is  an  ap p ro x im atio n , i t  does 
p o in t out th a t these hydride  tra n s fe r  reactions  a re  not a  strong func­
tio n  o f te m p e ra tu re .
In  F ig u re s  4 -1  th rough 4 -1 0  the A rrh e n iu s  p lo ts  o f the  
e x p e r im e n ta lly  m e as u re d  ra te  constants k j  and kg through k jg  and 
the assoc iated  l in e a r  le a s t squares lin e  a re  g iven . The e x p e rim e n ta l 
ra te  constants a re  g iven in  T ab le  4 -2 .
In  E g u re  4 -1  the A rrh e n iu s  p lo t fo r  k j  is  g iven. The averag e  
o f the deviations o f the fo u r e x p e rim e n ta l values fro m  the values  
p re d ic te d  by the le a s t squares f i t  o f the data w as 8. 4%. T h is  ra te  
constant belongs to the  re a c tio n  w h ich  fo rm s  propzme. In  the range  
o f f ro m  81 to  1 3 5 °F . i t  v a r ie s  fro m  a  value p re d ic te d  fro m  the c o r r e ­
la t io n  o f 1. 9 7 to 2 . 81 X  10^ cc. /g m . m o le -s e c . T h is  p re d ic ts  an  
in c re a s e  in  the y ie ld  o f propane w ith  te m p e ra tu re , w h ich  is  con­
s is ten t w ith  the e x p e rim e n ta l data.
In  F ig u re  4 -2  the A rrh e n iu s  p lo t o f k^ is  shown. The averag e  
o f absolute de ivations o f the e x p e rim e n ta l ra te  constants f r o m  those  
p re d ic te d  by the le a s t  squares f i t  w as 5. 0%. T h is  is  the ra te  constant 
o f the f i r s t  re a c tio n  in  the  " S e lf -A lk y la tio n "  s e r ie s . As shown in  
T a b le  4 -1 ,  th is  ra te  constant is  c h a ra c te r iz e d  b y  a  re la t iv e ly  lo w  
freq u en cy  fa c to r  and a c tiv a tio n  en erg y . T h e  lo w  a c tiv a tio n  energy  
in d ica tes  th a t the y ie ld  o f octanes is  not as s trong  a  function  of
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T A B L E  4 - 2
R ate  Constants C alcu la ted  fro m  E x p e rim e n ta l D ata  
fro m  Runs w ith  a  95% C ata lys t C oncentration  
in  the Range o f 81 to  1 3 5 °F .
R ate  Constant
cc. \  R ate  Values
Lgm. m o le -s e c . ; sec. ~ 7 L aw 8 1 °F . 1 0 5 °F . 1 2 0 °F . 135*5%
k j  X 10”*^ kA B 2. 12 2. 10 2. 40 3. 09
kg X 10“^ kA 1 .9 5 2 . 14 2. 26 2 .0 0
k jo  X 10-16 kA B 5 .9 2 7. 53 9 .4 6 1&9
k j i X  10-15 kA B 3 .8 1 4 . 39 5 .4 2 5 .2 1
k i2  X 10-5 kA 1 .2 5 1 .3 1 1 .41 1 .4 6
k j2  X 10"1^ kA B 2. 50 3 .7 8 4 . 39 6 .1 6
k j ^ x  10-8 kA B 3. 38 4 .4 9 4 .8 1 6 .1 0
k jg  X 10“ 15 kA B 5 .2 7 5. 36 5. 62 8. 32
k i6  X 10-17 kA B 5 .2 5 6 .2 1 5. 73 8. 53
k i8  X 10"® k A 3. 34 7. 14 8 .4 3 12.40
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F ig u re  4 -1 .  A rrh e n iu s  p lo t o f the e x p e rim e n ta lly  
d e te rm in e d  values of the re a c tio n  
ra te  constant, k j ,  and the c o rresp o n d ­
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F ig u re  4 - 2 .  A rrh e n iu s  p lo t o f the e x p e r im e n ta lly  
d e te rm in e d  values of the re a c tio n  
ra te  constant, kg, and the c o rresp o n d ­




te m p e ra tu re  as a re  the y ie ld s  o f the o th er products . The r e la t iv e ly  
la rg e  d iffe re n ce  betw een the a c tiv a tio n  en erg ies  o f k j  and kg (that 
fo r  k j  being m uch la r g e r )  show th a t a t the h igher te m p e ra tu re s  of th is  
w o rk  the ra te  o f fo rm a tio n  o f is  s ig n ific a n tly  la r g e r  th an  th a t fo r  
iC g . T h is  is  not the case a t lo w e r  te m p e ra tu re s  (45 -  6 5 ° F .  ) as  
discussed by S ch m erlin g  (29) w h e re  the ra te s  o f fo rm a tio n  a re  about 
equal.
In  F ig u re  4 -3  the te m p e ra tu re  b e h av io r o f k jg  is  shown.
The averag e  absolute d ev ia tio n  o f the e ^ e r im e n ta l  data f r o m  the  
le a s t squares re g re s s io n  anedysis is  1. 8%. T h is  re a c tio n  ra te  con­
stant d escrib es  the ra te  of the  second re a c tio n  in  th e  s e lf-a lk y la t io n  
sequence. The a c tiv a tio n  en erg y  is  m uch  h ig h er fo r  kjg» 4 . 10 
K c a l. / gm . m o le  than fo r  kg, 0 . 4.0 K c a l. / gm . m o le . A ls o , the  
species iC ^ ~  fo rm e d  in  the f i r s t  re a c tio n  and consum ed in  th e  second 
re a c tio n  does not ap p ear in  any  o th e r re ac tio n s . A s a  re s u lt  o f  th is , 
the constants kg and kj^g a re  n o t independent as czin be seen fr o m  
equation 2 - 2 .  10 below .
^  2-2. 10)
Thus, the s e lf -a lk y la tio n  sequence re s u ltin g  in  the fo rm a tio n  o f 
consists o f tw o in te r re la te d  re ac tio n s .
T h e  ra te  constant asso c ia ted  w ith  re a c tio n  2 -1 .  3, the  £Lrst 
and m o s t im p o rta n t re a c tio n  o f the p r im a r y  a lk y la t io n  sequence, k]^^.
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F ig u re  4 -3 .  A rrh e n iu s  p lo t o f the e x p e r im e n ta lly  
d e te rm in e d  values o f the re a c tio n  
ra te  constant, k jQ , and the c o rresp o n d ­
ing le a s t squares f i t .
o
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is  shown as a function of te m p e ra tu re  in  F ig u re  4 -4 ,  T h is  reac tio n  
is  resp o n s ib le  fo r  the fo rm a tio n  o f not only the d im ethylpentanes, but 
also  isopentane, the hexanes, nonanes, and decanes, s ince a l l  the  
la t te r  a re  fo rm e d  through d e s tru c tiv e  a lk y la tio n  reac tio n s . The  
ave ra g e  absolute d ev ia tion  o f the e x p e rim e n ta l values o f fro m  
the le a s t squares re g re s s io n  is  4 .2 % .
The d es tru c tive  a lk y la tio n  reactions  m a y  be il lu s tra te d  as a  
"d iv e rg in g  branch" o f side reac tio n s  of the h ep ty l carb o n iu m  ion  
w hich  is  shown below  in  te rm s  o f the num bers o f the reac tio n s :
iC^'^X" + € 3 =
2 - 1 .3
iC y + X -
2 - 1 .8  2 -1 .1 3
iC ,=  C ^ g + X -
/  /  \
2 -1 .9  2 -1 .1 8  2 -1 .1 4
C é X  + i c r  + iC g + X - ^10
2 -1 .1 2  2 - 1 . 1 6  2 -1 .1 5  2 -1 .1 0
C i /  iCg'^’X "
1 I
2 -1 .1 7  2 -1 .1 1
R eactio n  2 -1 .  3 w as discussed above. N ext in  im p o rta n ce  to re ac tio n  
2 -1 .  3 in  the branched sequence above a re  re ac tio n s  2 -1 .  8 éind 2 -1 .  13. 
The re a c tio n  ra te  constant assoc iated  w ith  re a c tio n  2 -1 .  8 , k^2> is
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F ig u re  4 -4 .  A rrh e n iu s  p lo t o f the e x p e r im e n ta lly  
d e te rm in e d  va lues  o f the re a c tio n  
ra te  constant, k j j ,  and the c o rresp o n d ­
ing  le a s t squares f i t .
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shown as a function  of te m p e ra tu re  in  F ig u re  4 -5 . The a c tiv a tio n  
en erg y  associated  w ith  k jg  ap p ro x im ates  th a t o f kg w hich  c o r re s ­
ponds to the o th er re a c tio n  o f the fo rm
c.tx- — ► cr  + HX
1 1
The averag e  absolute o f the k^g e3q>erim ental va lues d ev ia tio n  f ro m  
the c o rre la tio n  p re d ic tio n s  is  0 .8 1 % .
The re a c tio n  ra te  constant, k^g, is  shown in  F ig u re  4 -6 ,  and 
the absolute d ev ia tio n  is  3. 4%. I t  m a y  be shown to  be re la te d  to  k^g 
by re a rra n g in g  equation 2 -2 .  12.
[ iC 7 = ] [ iC 4 i
= — i c / ]  -
T h is  is  s im ila r  to the re la tio n  betw een kg and k jQ  (equation  2 -2 .  10). 
T h e re fo re , the fo rm a tio n  o f Cg and in te rm e d ia te s  a re  due to  
two in te r re la te d  re ac tio n s . T h ese  a re :
iC .y t x -  i C f  +  H X  2 - 1 .8 )
iC y=  + iC ^ + X -  iC g =  + C ^ tx "  2 - 1 .9 )
The ra te  constant, k j 4 » is  shown in  F ig u re  4 -7 .  The re a c tio n  
w h ich  fo rm s  the iso p en ty l carb o n iu m  ions re fle c ts  the fo rm a tio n  o f 
isopentane. T h e  iso p en ty l cations on ly  ap p ea r in  the  re ac tio n s  shown 
below .
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F ig u re  4 -5 .  A rrh e n iu s  p lo t o f the e x p e r im e n ta lly  
d e te rm in e d  values o f the re a c tio n  
ra te  constant, k i2 *  and the correspond*  
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F ig u re  4 -6 .  A rrh e n iu s  p lo t o f the e x p e rim e n ta lly  
d e te rm in e d  va lues  of the re a c tio n  
ra te  constant, k j 3 , and the co rres p o n d ­
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F ig u re  4 -7 .  A rrh e n iu s  p lo t o f the e x p e rim e n ta lly  
d e te rm in e d  values o f the re a c tio n  
ra te  constant, and the c o rresp o n d ­




iC c=  + H X  iC c t x "  2 -1 .1 0 )'5 ' ^  ^'"5
iC g + X - + iC ^  ► iC g + iC ^ + X - 2 -1 .1 1 )
The a c tiv a tio n  energy associated  w ith  is  about 30% h ig h er than  
tha t associated  w ith  (to be d iscussed in  a  la te r  p arag rap h ) w h ich  
is  the o ther re a c tio n  of isopentene. The averag e  absolute d ev ia tio n  
o f the e x p e rim e n ta l values fro m  the le a s t squares p red ic tio n s  is  2 . 9%.
In  f ig u re  4 -8  k^g as a  function  o f te m p e ra tu re  is  shown. The  
s c a tte r in  the e x p e rim e n ta l data is  c o m p a ra tiv e ly  la rg e  w ith  an  
ave ra g e  absolute d ev ia tio n  o f 11. 6%. D e te rm in a tio n  o f k jg  by
equation 2 -3 . 15 is  subject to e r ro rs  w hich  m a y  be compounded due to
the co m p lex ity  o f the equation. H ow ever, the  a c tiv a tio n  energy and  
freq u en cy  fa c to r a re  about the  sam e as th a t fo r  k j j»  w h ich  is  the  
ra te  constant o f an  analogous re a c tio n . These s im ila r  re ac tio n s  a re
iC ^ ’bc" + Cg= ^ 1 1 »  iC y + X "  2 -1 .  3)
iCy'^'X- + Cg= C io + X -  2 -1 .  13)
T h is  re a c tio n  (2 -1 . 13) is  responsib le  fo r  the second "b ran ch " (see  
the d iscussion o f k^^g) o f d e s tru c tiv e  a lk y la tio n  re a c tio n s .
Equation 2 -1 .  15 describes  fo rm a tio n . The re a c tio n  ra te  
constant associated  w ith  th is  re ac tio n , k^^, is  shown in  F ig u re  4 -9  
as a function o f te m p e ra tu re . The a c tiv a tio n  en erg y  is  2 . 65 K c a l. /
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F ig u re  4 -8 .  A rrh e n iu s  p lo t o f the e x p e r im e n ta lly  
d e te rm in e d  values o f the re a c tio n  
ra te  constant, k jg ,  and the co rresp o n d ­
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F ig u re  4 -9 .  A rrh e n iu s  p lo t o f the e x p e r im e n ta lly  
d e te rm in e d  values of the re a c tio n  
ra te  constant, k j^ ,  and the co rresp o n d ­




gm . m o le . The averag e  absolute d ev ia tion  fo r  is  8. 5%.
The scission  of the d ecy l io n  is  d escrib ed  by re a c tio n  2 -1 .  18. 
I t  is  a f i r s t  o rd e r  re a c tio n  and, as Céin be seen fro m  a p lo t o f k^g in  
F ig u re  4 -1 0 , the  assoc iated  ra te  constant is  a  strong function  o f  
te m p e ra tu re . T h is  is  ty p ic a l o f c rac k in g  reac tio n s  in  g e n era l. The  
a c tiv a tio n  en erg y  o f th is  ra te  constant, 8 .4 0  K c a l. /g m . m o le , w as  
the h ighest found o f a l l  the ra te  constants in  th is  w o rk . The averag e  
absolute d ev ia tio n  fo r  k jg  w as 5. 9%.
I I I .  The E ffe c t of T e m p e ra tu re  and O le fin  F e e d  C oncentration  
on D is tr ib u tio n  U sing a  95% H^SO^ C a ta lys t
In  F ig u re s  4 -1 1  through 4 -1 8  the e ffe c t o f te m p e ra tu re  and  
o le fin  feed  concentra tion  on co n vers io n  and pro d u ct d is tr ib u tio n  is  
shown. These a re  graphs o f p re d ic te d  values using the  le a s t squares  
an a lys is  values o f the ra te  constants. The m ethod o f c a lc u la tio n  
in vo lved  using  equations 2 -3 . 1, 2 -3 .  3 through 2 -3 .  9 , 2 -3 .  11, 2 -3 .  12, 
2 -3 . 14 through 2 -3 .  16, and 2 -3 .  18 to  c a lc u la te  the co ncentra tion  in  
the hydrocarbon  phase. A  d e r iv a tio n  o f th is  m ethod is  p resen ted  in  
Appendix C. As a g e n era l ru le  the  values o f concentrations o f the 
products p re d ic te d  a re  w ith in  about 10% o f the e x p e rim e n ta l va lu es . 
The reason  fo r  these devia tions is  due to  s c a tte r  in  e x p e rim e n ta l 
data. As p re v io u s ly  d iscussed, the m a x im u m  o f the absolute  
deviations o f the e x p e rim e n ta lly  d e te rm in e d  ra te  constants f r o m  the  
le a s t squares H ts  w as only  11. 6% and the lo w e s t 0 . 8% w ith  the  
a ve ra g e  being 5. 0%.
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F ig u re  4 -1 0 . A rrh e n iu s  p lo t o f the e x p e rim e n ta lly  
d e te rm in e d  values of the re a c tio n  
ra te  constant, k jg ,  and the c o rresp o n d ­
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The E ffe c t of T e m p e ra tu re
The e ffec t o f te m p e ra tu re  on to ta l p roduct y ie ld  fo r  the case  
of 95% s u lfu ric  ac id  and an o le fin  feed  concentration  o f 14. 3% by- 
w eight is  shown in  F ig u re  4 -1 1 . T h is  concentration  o f c o r re s ­
ponds to  a v o lu m e tric  ra t io  o f isobutane to o le fin  o f 5. 55 to 1. 0.
The y ie ld  is  equal to  the w eight o f p roduct p e r  u n it w eigh t 
of o le fin  fed. T h is  inc ludes propane but not u n reacted  isobutane.
The p red ic ted  y ie ld  in c re a s e d  co n s id erab ly  o v e r the range o f 80 to  
1 3 5 °F . -  f ro m  1. 74 to 2 . 31 . T h is  in c re a s e  appears to  be sub­
s ta n tia lly  l in e a r  w ith  te m p e ra tu re  as shown in  F ig u re  4 -1 1 .
S h legeris  (31) noted a s im ila r  in c re a s e  in  y ie ld  fro m  25®C. (7 7 °F . ) 
to 4 0 °C . (1 0 4 °F . ). H is  y ie ld  w as defined as "g ra m s  o f iC g  p lus p e r  
100 gram s o f o le fin  fed. " The y ie ld  was 169 g ram s p e r  100 g ram s  
a t 2 5 °C . and 215 g ram s p e r  100 g ram s  a t 4 0 °C . H e a lk y la te d  is o ­
butane w ith  p ropylene under the fo llo w in g  conditions: 2, 000 R P M ,  
ra tio  o f isobutane to p ropy lene  5 .7 :1 , concentration  o f s u lfu ric  a c id  -  
99. 3%, 60% ac id  in  the em uls ion . A  60 second res id en ce  tim e  was  
used in  a  24 m l, r e a c to r -s e t t le r  com bination.
The y ie ld  S h leg eris  obtained w as s lig h tly  h ig h er than th a t of 
th is  w o rk  even though he em ployed a  m uch s h o rte r  res id en ce  t im e .  
T h is  m a y  have been due to  the ra p id  re a c tio n  to  fo rm  the secondary  
products since only about o n e -th ird  o f his p roduct w as the p roduct 
dim ethylpentane. H o w ever, on the  sam e Cg p lus  b asis  the heptanes
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in  th is  w o rk  m ade up n e a r ly  60% o f the product. The d iffe ren ces  
m a y  be due to d iffe re n ce s  in  the d eg ree  o f m ix in g . The m ix in g  in  
th is  w o rk  was th a t o f a p e r fe c t ly  m ix e d  s t ir re d  re a c to r . S h legeris  
did  not state his d egree  o f m ix in g ; how ever, w hen he in c re a s e d  his  
a g ita tio n  speed to  3, 000 R P M , the fra c tio n  o f heptanes in c re a s e  to  
n e a r ly  50%. T h is  im p lie d  th a t the d eg ree  o f m ix in g  he obtained a t 
2 , 000 R P M , the speed used fo r  the  above re s u lts , w as not id e a l. 
S h leg eris  stated th a t "up to perhaps 10% o f the  p ro p y len e  was con­
v e rte d  to  propane; in  th is  w o rk , how ever, the f ig u re  is  about 20%.
Since inc lud ing  propane serves  to red u ce  the y ie ld  o f p roduct, sub­
tra c tin g  about one pound fro m  the p ro p y len e  fo r  e v e ry  pound of 
propane fo rm e d  in  th is  w o rk  g ives y ie ld s  w h ich  a re  v e ry  c lose but 
2 -5 %  lo w e r  than those re p o rte d  by S h leg e ris . A n o th er reaso n  fo r  
S h leg e ris ' h ig h er y ie ld s  m a y  have been the h ig h e r a c id  concentra tion  
he used.
I t  is  perhaps  unusual to  co m p are  the re s u lts  o f w o rks  in  
w h ich  th e re  ex is ts  such a la rg e  d iffe re n c e  in  contact t im e s . H o w ever, 
the re s e a rc h  by S h leg eris  re p re s e n ts  the  on ly  data , to  date , w h ich  
has covered  n e a r ly  the sam e range o f te m p e ra tu re s  and o leH n  concen­
tra tio n s  in  the feed  w h ile  using p u re  p ro p y len e  as the feed  o le fin . Thus, 
his w o rk  re p re s e n ts  the  on ly  t r u ly  v a lid  w o rk  w ith  w h ich  to com pare  
o u r re s u lts . A ls o , in  a  tw o -p h ase , l iq u id - l iq u id  com plex  re ac tin g  
m ix tu re , such as a lk y la tio n , co n vers io n  need not be a  strong function
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of res id en ce  t im e . M osby (23) showed that tr ip lin g  the contact tim e  
re s u lte d  in  only about 15% in c re a se d  convers ion . The ad d itio n a l 
contact t im e  of e xp e rim en t as com pared to another m a y  serve  m a in ly  
to  a llo w  is o m e r iz a tio n  reac tio n s  t im e  to  o ccur.
In  F ig u re  4 -1 2  the e ffe c t o f te m p e ra tu re  on the y ie ld  o f 
heptanes and octanes p e r  pound o f p roduct is  shown. These products  
a re  those w h ich  a re  c o m m e rc ia lly  m o re  d e s ira b le  due to  th e ir  high  
octane m e m b e rs .
The Cy fra c tio n  -  the p r im a r y  p roduct -  re m a in e d  constant 
a t about 0 . 52 w e ig h t fra c tio n . H o w ever, in  the iC g  p lus p ro d u ct i t  
ta p e rs  o ff s lig h tly  f ro m  a  p re d ic te d  0 . 60 lb . / lb .  a t 8 0 ° F . to about 
0. 58 lb . / lb .  a t 9 0 ° F . and above. I t  d id  n o t show th e  pronounced  
d ecrease  as d id  the y ie ld  o f heptanes in  the  w o rk  o f S h leg eris  in  the  
range o f 77 to  1 0 4 °F . T h is  again  m a y  have been due to  d iffe re n ce s  
in  m ix in g .
In  F ig u re  4 -1 3  the e ffe c t o f te m p e ra tu re  on the y ie ld s  o f lig h t  
( l ig h te r  than heptanes) products  is  shown. P ro p an e , i t  m a y  be seen, 
re m a in s  s u b stan tia lly  constant. T h is  shows th a t th e  y ie ld  o f propane  
is  not n e c e s s a r ily  e q u im o la r to  th a t o f octanes as p re v io u s ly  in d i­
cated. I t  is  a c tu a lly  m u ch  h ig h er as the  re a c tio n  te m p e ra tu re  
approaches 1 3 5 °F . b y  S ch m erlin g  (2 9 ). T h e re  m a y  be an o th er reason . 
The re a c tio n  fo rm in g
iC g =  +  iC ^ + X -  ► C g + X - 2 -1 .  15)
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re q u ire s  that propane be fo rm e d  e q u im o la r w ith  Cg. T h is  was shown 
on page o f C hapter I .  H ow ever, the m o la r  y ie ld s  o f Cg a re  not 
la rg e  enough to account fo r  a l l  o f the e x tra  propane fo rm e d . E v i ­
den tly  the in it ia t io n  sequence is  m o re  p ro m in a n t théin ju s t as an  
in it ia t io n  step as was o r ig in a lly  thought by S ch m erlin g  (29 ).
T h e  y ie ld  o f iC g  is  seen to  in c re a s e  a lm o s t 80% o v er the range  
f ro m  8 0 °F . to 1 3 5 °F . The fa c t th a t th is  in c re a s e  was m uch g re a te r  
than that fo r  the hexanes w ould substantiate th a t isopentane p re c u rs o rs  
a re  fo rm e d  by a t le a s t one m o re  re a c tio n  in  ad d itio n  to
Cy= + iC ^ + X -  ► iC g =  + C ^ + X - 2 -1 .  9)
nam ely .
C jo '^ X "  ► iC g= +  iC g + X - 2 -1 .  18)
In  F ig u re  4 -1 4  the p re d ic te d  va lues  o f Cg a re  shown to  g ra d ­
u a lly  r is e  w ith  te m p e ra tu re . In  the sam e fig u re  C jq , on the o th er  
hand, is  seen to  r is e , peak in  the range o f 105 to  1 2 0 ® F ., and then  
begin  to d e c lin e .
S h leg eris  noted  a  d ecrease  f ro m  3 4 .3  to 32. 8% o f "heavy  
ends" w hen the change o f te m p e ra tu re  f ro m  77®F. to  1 0 4 °F . o c cu rre d . 
O v e r about the sam e range the  p re d ic te d  d ecrease  fro m  th is  w o rk
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w as fro m  29. 5 to 26. 8%. H o w ever, th is  was due to the d ecrease  in  
Cg on ly  as and both in c re a s e d  o v e r th is  range. The re su lts  
p resen ted  b y  S h leg eris , how ever, w e re  im p lie d  to  be due to decrease  
in  o le fin  p o ly m e riz a tio n  products . T h is  w as p ro b ab ly  the case in  
S h le g e ris ' w o rk  due to  th e  lo w e r  d eg ree  o f m ix in g . No o le fin  products  
w e re  found in  th is  w o rk .
The E ffe c t o f O le fin  F eed  C o n cen tra tio n  V a r ia tio n
The p re d ic te d  p roduct y ie ld  is  shown as a  function o f the  
o le fin  feed concentra tion  in  F ig u re  4 -1 5 . I t  w i l l  be seen th a t an  
ap p ro x im a te  75% in c re a s e  in  the p ro p y len e  concentra tion  re s u lte d  in  
about a  45% in c re a s e  in  y ie ld . T h is  in c re a s e  can be explciined w ith  
the fo llo w in g  d iscussion. F i r s t ,  r e c a ll  th a t the concentra tion  o f the  
t e r t ia r y -  b u ty l carb o n iu m  io n  is  p ro p o rtio n a l to  the co ncentra tion  o f 
pro p y len e  in  the feed  as shown by equation 2 -2 1  w ith  [c ^ 'j  equal to  
(C c 3=)h c  ^  ® *  10"^'
r ^  8 x  1 0 '^ [ iC jZ
[iC ^ + X  ] = (C c 3 = ) j jc  ■ fc  =1-------------
3 ^base
A  re s u lt o f in c re a s in g  th e  o le fin  feed  concentra tion  is  a  c o rre s ­
ponding in c re a s e  in  not on ly  the  o le fin  co ncentra tion  in  the ac id , but
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F ig u re  4 -1 5 . The p re d ic te d  pounds of product 
y ie ld  p e r  pound of o le fin  fed  as 
a function  o f the w eigh t fra c tio n  
o f p ro p y len e  in  the feed at 105% 
and using 95% HgSO^.
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an in c re a s e  in  the te r t ia r y -b u ty l  ion  concentration , a lso . In c re a s in g  
both o f these concentrations e ffec ts  the in c re a s e  o f the ra te  o f fo rm atio n  
o f a l l  o f the p roduct species. • T h e re fo re , an in c re a se d  y ie ld  w ould  
be obtained as p red ic ted .
The p re d ic te d  w eigh t fra c tio n  o f the heptanes and octanes a re  
shown in  F ig u re  4 -1 6  as a fu nction  of o le fin  feed  concentra tion . The  
y ie ld  o f heptanes, the p r im a r y  p roducts , in c re a s e d  about 8% w ith  a  
75% in c re a s e  in  propy lene  feed  concentration , w h ereas  the y ie ld  of 
octanes d ecreased  about 35% o v e r the sam e ran g e . The sam e re as o n ­
ing  app lies  fo r  the in c re a se  in  heptane concentration , due to  the  
in c re a s e  in  te r t ia r y -b u ty l  carb o n iu m  io n  co n cen tra tio n  as a re s u lt of 
the in c re a s e  in  o le fin  feed concentration . See equation 4 -6 .  On  
the o th er hand, the ra te  o f fo rm a tio n  of octanes in c re a s e  but m o re  
s lo w ly  than the o th e r ra te s .
' iC g  = kq [iC 4 + X "] 2 -3 .9 )
Thus, the ra te  o f fo rm a tio n  of the octanes is  only a  function  o f the  
te r t ia r y -b u ty l  carbon ium  io n  concentration  and not the  o le fin  a lso .
Thus, the octane y ie ld  as a fra c tio n  of the to ta l p roduct y ie ld  w ould  
be expected to decrease  w ith  in c re a s in g  p ro p y len e  concentra tion .
T h is  is  shown in  F ig u re  4 - l 6 .
In  F ig u re  4 -1 7  the p re d ic te d  y ie ld  o f l ig h t p roducts , Cg, Cg, 
zind Cg, as a  function  o f p ropy lene  feed  co ncentra tion  is  shown. The
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and using 95% HgSO^.
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propane y ie ld  shows the sam e 35% d ecrease  fo r  a 75% in c re a se  in  
p ropy lene  concentration  as did the octane y ie ld . The ra te  o f propane  
fo rm a tio n
r C j  k j[C 3 = ][H X ] = k i x S x  10-9(C3=)jjç  H X  2 -3 .1 )
is  a function  on ly  o f the propy lene  concentra tion  in  the feed . Thus, 
the propane y ie ld  as a fra c tio n  o f the to ta l p roduct y ie ld  w ould  
d ecrease .
A s can be seen, the p re d ic te d  y ie ld  o f in c re a se s  s lig h tly  
w ith  p ropy lene  concentration . T h e  ra te  o f fo rm a tio n  o f is  g iven  
by:
r c ^  = k i2 [ iC ^ + X " ] 2 -3 .1 2 )
The fo rm a tio n  o f p roducts  v ia  the species iC y tX "  in c re a se s  w ith  
both the in c re a s e  in  p ro p y len e  concentra tion  and the in c re a s e  in  
te r t ia r y -b u ty l  cation  concentration . Thus, as w as the case fo r  iC y , 
the y ie ld  o f as a  fra c tio n  o f the p roduct should in c re a s e . T h is  is  
shown in  F ig u re  4 -1 7 . The y ie ld  in c re a se d  about 8% w ith  a  75% 
in c re a s e  in  o le fin  feed concentration , the sam e as th a t o f Cy.
T h e  y ie ld  o f Cg as a function of p ropy lene  concentra tion  w as  
in te r re la te d  to those o f Cg and C jq . Thus, i t  should be discussed  
in  th a t context. The o le fin  concentra tion  dependent y ie ld s  o f Cg and  
CjQ a re  shown in  F ig u re  4 -1 8 , The ra te  o f  fo rm a tio n  o f C jq is
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(su b trac tin g  equation 2 -3 .  18 fro m  2 ' 3. 14)
k i4 [ iC ^ + X -] [C 3 = l
-  ■'18 («=10 X 'J
Thus, the ra te  o f fo rm a tio n  o f C jq is  dependent to a  h igher
o rd e r  of the propylene concentration  than  C . and C _, since the
0 7
species iC ^ ^ X ” reac ts  w ith  p ropy lene  to  fo rm  the p re c u rs o r  o f C^q, 
n am ely  C jq^ X ” . T h is  is  shown in  F ig u re  4 -1 8  -  the y ie ld  o f 
in c re a s e d  a lm o st 90% w ith  an in c re a s e  in  p ropylene feed concentra ­
tio n  of 75%.
The ra te  of fo rm a tio n  o f is  (equation 2 -3 .  18 p lus equation  
2 -3 .  12 m inus equation 2 -3 .  16),
'C g  =
■ 4 -8 )
o r  by substitu tion  o f equations 2 -2 .  5 and 2 - 2 .8  in to  the above
= ^ 1 8 (^ 10 '^ X -] + r c ^  -  r c g  4 -9 )
T h e  y ie ld  o f isopentane should in c re a s e  since i t  is  the sum  o f te rm s  
w h ich  in c re a s e  m inus a  te rm , r ^ ^ ,  w h ich  is  s m a ll com pared  to  the  
o th e r ra te s  o f fo rm a tio n . T h is  is  shown in  F ig u re  4 -1 7 , w h e re  a
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75% in c re a s e  in  p ropy lene  co ncentra tion  re s u lte d  in  a 22% in c re a s e  
in  the y ie ld  o f iC g .
Since iC ^ "  is  re la te d  to  the y ie ld  of iC g , the p re d ic te d  y ie ld  
as a fra c tio n  o f the products  o f Cg should in c re a s e  a lso , as the ra te
o f fo rm a tio n  of is :
' C ,  = 2 -3 .1 6 )
T h is  in c re a s e  is  shown in  F ig u re  4 -1 8 .
B y w ay  o f s u m m a riz in g  the p re d ic tio n s  p re se n te d  in  F ig u re s  
4 -1 1  through 4 -1 8 , i t  m a y  be s tated , based on the  data  o f th is  w o rk , 
th a t w h ile  convers ion  in c re a s e s  w ith  in c re a s e  in  both te m p e ra tu re  
and p ro p y len e  co n cen tra tio n  in  the feed , the  p ro d u ct q u a lity  s u ffe rs . 
W ith  in c re a s e  in  te m p e ra tu re  both  isopentane and th e  hexanes in c re a s e ; 
how ever, the d e s ira b le  d im ethylpentanes re m a in  e s s e n tia lly  constant 
and the high q u a lity  octanes (c h ie fly  tr im e th y lp e n ta n e s ) a c tu a lly  
d e crease . T h is  is  accom panied  b y  a  g e n e ra l in c re a s e  in  the C g 's  and  
C fo 's  w h ich  a re  g e n e ra lly  u n d e s ira b le  f r o m  a c o m m e rc ia l standpoint 
o f v iew .
A n  in c re a s e  in  p ro p y len e  co n cen tra tio n  causes a  s lig h t in c re a s e  
in  Cg, Cg and C^; how ever, a  d e crease  o f octanes s im i la r  to  th a t  
accom panied  b y  an in c re a s e  in  te m p e ra tu re  is  exp erien ced . A ls o , 
the s lig h t in c re a s e  in  the y ie ld  o f heptanes is  negated by th e  la rg e  
in c re a s e s  in  the  y ie ld s  o f the  lo w e r  q u a lity  C g 's  and and C^q ' s .
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The decrease  in  product q u a lity  w ith  in c re a se d  te m p e ra tu re  
has p re v io u s ly  been a s c rib e d  to decrease  in  octanes (24), in c re a se d  p o ly ­
m e r  fo rm a tio n , and high ac id  degradation  (7) (15 ). W h ile  th is  w o rk  
c o n firm s  the decrease  in  octanes, th e re  w as no in d ica tio n  o f p o ly ­
m e r iz a t io n  of the o le fin  to  heavy  unsaturates  in  the gas ch ro m ato ­
g rap h ic  a n a ly s is . O nly s lig h tly  h ig h er ac id  consum ption was  
noted, as seen in  T a b le  3 -  2 in  C h ap ter HE. The re a c to r  used in  th is  
w o rk  w as e s s e n tia lly  an id e a l, p e r fe c t ly  m ixe d , s t ir re d  tank. A s  
m o st c o m m e rc ia l re a c to rs  balance the extent o f m ix ing  w ith  the  
po w er costs, the re s u ltin g  d egree  o f m ix in g  can cause p o ly m e r fo rm a ­
tio n  and ac id  degradation . Thus, i t  w ould  seem  th a t p ro p e r  m ix in g  
w ould  becom e m o re  im p o rta n t a t h ig h er te m p e ra tu re s .
H igh  ra tio s  o f isobutane to  o le fin  (low  olefLn feed  co n cen tra ­
tions) o f 5 to 1 by vo lum e o r  b e tte r  have been p re v io u s ly  fe l t  as a  
n e ce s s ity  to suppress o le fin  p o ly m e r fo rm a tio n  (7) (15 ). H o w ever, 
again , th is  is  p ro b ab ly  due to inadequate m ix in g . The d eg ree  o f m ix ­
ing w ould  c e r ta in ly  becom e a  c r it ic a l  v a r ia b le  a t  h igh o leH n feed  
concentrations in  o rd e r  to m in im iz e  high lo c a l o le fin  concentrations.
In  th is  w o rk  successfu l a lk y la tio n  w as c a r r ie d  out a t an  isobutane to  
p ro p y len e  ra tio  of about 3 to  1, and no p ropy lene  p o ly m e rs  w e re  
id e n tifie d . Thus, the p r in c ip a l reaso n  fo r  lo w e r  p ro d u ct q u a lity  in  
th is  w o rk  w as h ig h er co ncentra tion  o f Cg and C^q in  conjunction w ith  
lo w e r  concentrations of octanes.
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IV .  E x p e rim e n ta l R esu lts  a t 6 S °F . C om pared  
to P re d ic te d  V alues
In  T ab le  4 -3  the com parisons of the e x p e rim e n ta l ra te  constants  
w ith  the p re d ic te d  values a t 6 5 ° F . a re  shown using data fro m  
E x p e rim e n t 9. Tw o exp erim en ts  w e re  m ade a t th is  te m p e ra tu re ,
2 and 9. H ow ever, E x p e rim e n t 2 was one o f the f i r s t  exp erim en ts  
and d iffic u ltie s  in  the sam pling  technique a t th a t t im e  m ake  the re su lts  
o f E x p e rim e n t 9 m o re  acc u ra te  than 2. The re s u lts  o f E x p e rim e n t 2 
a re  q u a lita tiv e ly  the sam e as E x p e rim e n t 9, how ever.
In  o rd e r to com pare  the re su lts  shown in  T ab le  4 -3 ,  the  
p ro d u ct d is tr ib u tio n  obtained a t 6 5 °F . should be com pared  to those  
a t h ig h e r te m p e ra tu re s . The product d is tr ib u tio n s  a re  shown in  
T a b le  4 -4 .  O f p a r t ic u la r  in te re s t to th is  d iscussion  a re  the values  
obtained in  E x p e rim e n t 6 , ru n  a t 8 1 °F . , 95% H 2 SO4 , and an o le fin  
feed  concentra tion  of 22 . 4% by w eight; in  E x p e rim e n t 8 , ru n  a t 1 2 0 ° F . , 
95% H 2 SO4 , and an o le fin  feed  concentration  o f 14. 3%; and in  
E x p e rim e n t 9, ru n  a t 6 5 ° F . , 95% B^SO^, and an  o le fin  feed  concen­
tra t io n  of 14. 3%.
An exam in atio n  o f the y ie ld s  o f the C g 's  and C jq ' s o f these  
th re e  exp erim en ts  re v e a ls  som e s u rp ris in g  fa c ts . The m o d el 
p re d ic te d  in c re a se s  in  the ra te s  o f fo rm a tio n  o f both and C ^q 
w ith  te m p e ra tu re . H o w ever, i t  w i l l  be seen in  T a b le  4 - 4  th a t a t 
6 5 ° F .  the ra te s  o f fo rm a tio n  o f both these species, Cq and C jq , 
in c re a s e d  in s tead  o f d e cre a s in g . The in c re a s e  w as êdmost th re e
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T A B L E  4 - 3
C om parison  o f E x p e rim e n ta l and P re d ic te d  V alu es  fo r  the  
R ate Constants a t 6 5 ° F . Using a 95% H2 SO4  C a ta lys t
P re d ic te d  f ro m  L e a s t
Squares F i t  O btained fro m  E x p e rim en t 9
R ate  R ate  (  cc._______  A  ! ______ çç._______  A
Constant L aw  Vgm. m o le -s e c . ; sec. J  y gm . m o le -s e c . ; sec. " J
’'1 kA B 1 .7 5  X 10^ 1 .3 4  X 10®
k 2 kA B 2 . 11 X I Q l l 2 . l l x i o l l
^3 kA B 3 .4 7  X 10^° 3 .4 5  X 10^°
kA B 4 .1 3  X 10^0 4. 12 X 10^0
kA B 4 .8 0  X 10^° 4 . 7 9  X 10^°
H kA B 5 .4 7  X 10^° 5 .4 6  X 10^°
k? kA B 6 .1 5  X 10^0 6 .1 4  X 10^°
kg k A B 6 .8 2  X 10^0 6 .8 1  X 10^°
^9
kA 1. 98 X 10^ 1. 79 X 10“̂
^10 kA B 4 . 73 X 10^^
7. 43 X 10^®
^11 kA B 3. 39 X 10^^ 5. 56 X 10^®
k l 2 k A 1. 12 X 105 9 .2 8  X 104
k js kA B 1. 84 X 10^'^ 3 .0 5  X 10^’̂
k i4 kA B 2. 79 X 10® 1. 55 X 10®
k i5 kA B 4 .2 5  X IQ lS 1 .2 8  X 10^6
k l 6 kA B 4 . 42 X 10^^ 1 .3 7  X  10^®
k i7 kA B 0. 00 0 .0 0
k lS k A 2 .2 7  X 10® 2 . 35 X  10®
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T A B L E  4 - 4
The Weight Percent Product Distribution 




(% H2 S0 4 ) 95 95 90 90
Temperature
(°F) 65 65 65 81
Olefin Space 
Velocity (hr. 0. 104 0. 118 0 . 10 1 0. 104
Run Number 2 9 5 1
C3 1.69 1.59 2.40 1 . 9 8
iC4 67. 75 69.83 79. 10 74.85
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t im e s  o v er tha t of the values a t 1 2 0 °F . even though the o le fin  feed  
concentra tion  was the sam e in  both cases. F u r th e r , inspection  
w i l l  show th a t the values fo r  Cg and C^Q a t 6 5 ° F . a re  a c tu a lly  
about the sam e as those fo r  the e x p e rim e n t ru n  a t 81®F. even  
though the o le fin  feed  concentration  a t 8 1 °F . w as a lm o s t 60% g re a te r .  
T h is  is  c o n tra ry  to the re s u lts  o f the m ath  m odel. I t  p re d ic ts  th a t 
both Cg and C jq w ould  be strong functions of o le fin  feed  concentration .
I f  the re s u lts  fo r  E xp e rim en ts  8 and 9 a re  fu r th e r  com pared  
in  lig h t of w hat should be p re d ic te d  by the m odel fo r  E x p e rim e n t 9, 
i t  w i l l  be seen th at the concentrations of Cg, Cg, and Cg of 
E xp e rim en t 9 a re  too low , w h ereas  those o f Cg and C jq should have 
d ecreased  but in c re a se d  ins tead . These  re s u lts  cause the d iffe ren ces  
betw een the e x p e rim e n ta l and p re d ic te d  values o f the ra te  constants in  
T ab le  4 -  3. T h e re  appears to  be a change in  the re a c tio n  m ech an ism  
going fro m  8 1 °F . down to 6 5 ° F .  The e ffec t on the m odel o f th is  
change in  m ech an ism  w i l l  now be discussed.
The ra te  constants k 2 th rough kg show e x tre m e ly  good a g re e ­
m ent. H ow ever, th is  is  to be expected since these ra te  constants  
as ca lcu la ted  a re  independent o f te m p e ra tu re  as shown in  equation  
4 -4 .
The va lue  fo r  k^ ca lcu la ted  b y
r c
^1 [C 3=]|h x ]  2 -3 '
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is  about 30% below  the p re d ic te d  va lue . The v a r ia b le  w h ich  w ould  
cause th is  is  [Cg"] since [ h x ] w as the sam e as in  the o th er e x p e r i­
m en ts , T h is  w ould say th a t the ac tu a l va lu e  o f [Cg~] in  the e x p e r i­
m e n t w as lo w e r than th a t used fo r  ca lcu la tin g  k^ . I t  is  possib le  
th a t th is  lo w e r  te m p e ra tu re  could l im it  the absorp tion  of p ropylene  
in to  the ac id  phase and the equation
w ould not hold fo r  th is  te m p e ra tu re .
The e x p e rim e n ta l va lue  fo r  w as a lso  s lig h tly  lo w e r  than  
the p re d ic te d  va lu e . H ow ever, i t  is  on ly  lo w  by about 10%, and th is  
is  w ith in  e x p e rim e n ta l e r r o r .  T h e re fo re , i t  is  not possib le  to d e te r ­
m in e  the e ffe c t of a p o ssib le  change in  m ech an ism .
The va lu e  fo r  k jQ  was about 65% h ig h e r than p re d ic te d . T h is  
is  not e n t ire ly  due to a change in  m ech an ism , how ever. The sequence 
in  w h ich  k^g appears  is
kg
iC ^ + X "  -----^  iC ^ =  + H X  2 - 1 .5 )
iĈ '"'X- + iC^= iCg+X" 2-1.6)
iC g '^X - + iC ^  iC g  + iC 4 + X -  2 - 1 .7 )
12Now  re a c tio n  2 -1 .  6 is  v e ry  ra p id , and k^g is  in  the o rd e r  o f 10 to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
185
10^^ cc. /g m .m o le -s e c . T h e re fo re , the re ac ts  a lm o s t in s tan ­
taneously  by re a c tio n  2 - 1 .6 .  Thus, to obta in  a tru e  va lu e  fo r  k jQ  
the ra te  o f consum ption o f iC ^~  needs to be a c c u ra te ly  m e as u re d . 
H o w ever, th is  is  not re a d ily  done. R a th e r, k jQ  w as m e as u re d  fro m  
the ra te  o f fo rm a tio n  o f C„ w h ich  in  r e a li ty  is  a m e as u re  o f the ra te
O
of re a c tio n  2^1. 5. Thus, the values o f k jQ  w ould not n e c e s s a r ily  
a g re e  w ith  the  p re d ic te d  va lues .
The e x p e rim e n ta l va lue  fo r  k j j  is  seen in  T a b le  4 -3  to be 
about 65% h ig h er than its  p re d ic te d  va lu e . The  re a c tio n  w ith  w h ich  
i t  is  assoc iated  is
iC ^ + X - + Cg= iCy"^X" 2 - 1 .3 )
w h ich  is  the p r im a r y  re a c tio n . T h is  la rg e  va lue  re fle c ts  the  la rg e  
ra te s  of fo rm a tio n  of Cy, Cg, and C jq, p a r t ic u la r ly  Cg and C^g.
The ra te  constant is  ca lcu la ted  b y
The a c tu a l va lu e  o f [C g "] has been shown to  p ro b a b ly  be lo w e r  them 
th a t used; thus, [iC ^ 'b c”]  m u s t have been la r g e r  than p re d ic te d  to  
cause the h ig h er ra te s  o f fo rm a tio n  o f Cg and C jg ,
The va lu e  o f k^g assoc iated  w ith
iC ^ + X "  Cy= +  H X  2 - 1 .8 )
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was s lig h tly  low  as was k^, the ra te  constant of the analogous re a c ­
tio n  2 -1 .  5. The ra te  constants of the io n ic  decom positions to o le fins  
and H X  such as re a c tio n  2 -1 ,  8 ap p ear to be m o s t a ffec ted  by the  
m ech an ism  change.
The value  o f was about 65% h igher than p red ic tio n . I t  
is  invo lved  in  a s im ila r  sequence as was k jQ .
k  12
ky+ X " -------- ► iC ^= + H X  2 -1 .8 )
iC?= + iC ^ +  iC s=  + C 6 + X - 2 -1 .9 )
17R eactio n  2 - 1 .9  is  a lso  a fa s t re a c tio n  -  k^Q is  in  the o rd e r of 10 
c c . /g m . m o le -s e c . Thus, since i t  is  ca lcu la ted  by
’'13  '  [iC 7 = ][iC 4 -*X -) 2 -3 .13 )
I t  is  being ca lcu la ted  f ro m  r^ ^  w h ich  is  a  m easu re  of the ra te  of 
re a c tio n  2 - 1 .8 .  Thus, since i t  should be ca lcu la ted  fro m  the ra te  
o f consum ption of iC ^ ” w h ich  could not be m easu red  re a d ily , the  
values w ould not n e c e s s a r ily  fo llo w  the p re d ic tio n .
The e x p e rim e n ta l va lue  o f k j^  w as about 45% lo w e r  than the  
p re d ic te d  va lu e . The re a c tio n  w ith  w hich  i t  is  associated  is
iC c=  + H X  - 2 % .  C c + X ' 2- 1. 11)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
187
I t  w i l l  be re m em b e red  that was also low . O bviously th is  im p lie s  
th a t too high a value of [iCg~J was used in  ca lcu la tio n  of
The values of and k j^  a re  both about 300% h igher than  
th e ir  resp ec tive  p red ic ted  values . The reactions  invo lved  a re
i C / x -  +  € 3= C j o + X -  2 - 1 . 1 3 )
I ^16  I —
iC s =  + i c / x ’  — ^  C g + X  2 - 1 .  15)
O f course, th is re su lts  in  high ra te s  of fo rm a tio n  of Cg and 
CjQ . Since both the actua l o le fin  concentrations involved have been  
shown to be low , the ions in  the above reactions  m ust have a b n o rm a lly  
high concentrations. O f course, fo r  th is  to  be tru e , the reactions
iC ^ '^ X ' iC ?= + H X  2 -1 .8 )
iC ^ + X - _  iC ^= + H X  2 - 1 .5 )
m ust a c tu a lly  be a ffec ted  v e ry  a d v e rs e ly  b y  low  te m p e ra tu re , as high  
concentrations of the ions w ould  m ake  these ra te s  high. I t  is  possib le  
tha t a m o re  ac tiv e  ca ta ly s t is  needed to support the above reac tio n s  
at low  te m p e ra tu re s , e. g. , 6 5 °F .
To be g e n era l, the p r im a r y  d iffe re n ce  in  the re s u lts  obtained  
at 6 5 °F . is  the existance o f a b n o rm a lly  h igh ra te s  o f Cg and C jq .
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The fo llow ing  reac tio n s  ap p ear to  be responsib le  fo r  the high  
ra te s  o f fo rm a tio n  of Cg and C jq , as the  ra te  constants o f these  
reac tio n s  a re  s ig n ific a n tly  h igher than the p red ic tio n s .
iC ^ + X - + € 3= iC 7 + X “ 2 -1 .3 )
iC y + X "  + € 3 = C io + X "  2 -1 . 13)
iC g - + iC^'^X" Cg+X" 2 -1 .1 5 )
Since the actu a l concentrations of the o le fin s  w hich  exis ted  have been  
estab lish ed  in  p rev io u s  paragraphs  to  be, i f  amything, lo w e r than  
p re d ic tio n s , the concentrations o f the ions m ust be the cause o f the  
h ig h e r ra te s . A n unusually  high co ncentra tion  o f iC^'*'X" would  
co n trib u te  to a high concentra tion  of iCy'*’X “ and C g ^ "  by re ac tio n  
2 -1 .  3 and 2 -1 .  15 re s p e c tiv e ly . The h igh concentration  o f iC y tX "  
w ould be responsib le  fo r  the high concentra tion  o f by re a c ­
tio n  2 -1 . 13. The Gy, and C jq  ions a re , o f course , the p re c u rs o rs  
o f the Gy, Gg, and G jq  sa tu ra tes .
Thus, a possib le  explanation o f the la rg e  values o f k j j ,  k jg  
and kj£, a t 6 5 ° F .  w ould be the exis tence of re la t iv e ly  la rg e  vsJues of 
iG ^ tX "  a t th is  te m p e ra tu re  as com pared  to h igher te m p e ra tu re s . 
T h is  w ould  exp la in  a lso  the apparen t ex is tence  o f low  concentrations  
(as com pared  to  p re d ic tio n s ) o f th e  o le fin s  invo lved  -  they w ould  be
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consum ed ra p id ly  by the r e la t iv e ly  h ig h er ra te s  o f re a c tio n  fo r  
re ac tio n s  2 -1 .  3 , 2 -1 .  13, and 2 -1 .  15.
W hy a  lo w e r  te m p e ra tu re  w ould  cause a  s ig n ifican t d iffe re n c e  
in  the am ount o f te r t ia r y -b u ty l  cations p re s e n t is  specu la tive . The  
g en era tio n  m e ch an ism  w h ich  w as considered  to be the source o f these  
cations a t o th er te m p e ra tu re s , i .  e . ,
k i  ,
C 3 -  + H X  -------- ► C3 X  2 -1 .  1)
C 3+X - + iC 4  C3 + iC ^ + X ' 2 -1 .2 )
m u st be ru le d  out due to the low  y ie ld  o f p ropane. One possib le  
exp lanation  w ould  be th a t the  lo w  te m p e ra tu re  acts  as a  s ta b iliz in g  
in flu en ce  on the  ions. T h is  could a llo w  the  ions to b u ild  up to a  la rg e  
co n cen tra tio n  ju s t a f te r  s ta rtu p  w hen the hydrocarbon  consists  o f 
a lm o s t e n tire ly  isobutane. Then, as the  am ount o f € 3 “ builds up 
w ith in  the re a c to r , re ac tio n s  2 -1 .  3, 2 -1 .  13, and 2 -1 .  15 w ould begin  
to p re d o m in ate . The on ly  source o f these ions w ould  be v ia  the  
o rg an ic  d iluents  p re s e n t in  the a c id . T hese  d iluen ts , p re s e n t in  
about 2 to 3% b y  vo lum e in i t ia l ly  in  "95% " a c id  w e re  due to  the 2 , 2 , 4 -  
tr im e th y lp e n te n e  added to  the  ac id  to  s im u la te  an  a lk y la te  c a ta ly s t.
In  the c a ta ly s t phase these  d iluen ts  a re  thought to  e x is t as t r im e th y l-  
p entenyl cations ( 8 ) .
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Even though these cations a re  considered  qu ite  stable and not re a c tiv e  
{ 8 ), th e re  is  th e 'p o s s ib ility  th a t under conditions o f high co n cen tra ­
tio n  of isobutane and high c a ta ly s t a c t iv ity  th a t the fo llow ing  h yd rid e  
tra n s fe r  re a c tio n  w ould occur.
A t h ig h er te m p e ra tu re s  (e. g . , 8 1 °F . and above) the cyc lopentenyl 
cation  m a y  be so m uch m o re  s tab le  t han the  te  r t ia r y -b u ty l  cation  
th a t re a c tio n  4 -9  w ould  not o ccu r.
A nother possib le  exp lanation  fo r  the la rg e  y ie ld s  o f Cg and  
CjQ is  a change in  m ech an ism  a t th is  te m p e ra tu re  fo r  the fo rm a tio n  
of these  com ponents. The re a c tio n
C ^+X - + Cg= Cg'*‘X -  2 -1 .1 6 )
could becom e qu ite  s ig n ifican t a t lo w e r  te m p e ra tu re s . The lo w  
y ie ld  o f propane w ould  be exp la in ed  by th is  as the  o th e r re a c tio n  w h ich  
fo rm s  Cg, 2 -1 . 15, re q u ire s  fo rm a tio n  o f propane émd 2 -1 .  16 does not. 
The exp lanation  fo r  h igh  C^g fo rm a tio n  could th en  be
iC g + X - + iC g =  ► C io 'b c "  4 -1 0 )
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section  of th is  chapter since they a re  independent o f c a ta lys t concen­
tra tio n .
In  F ig u re  4 -1 9  the co m p ariso n  o f c a ta ly s t concentration
effec ts  on k j  a re  shown w h ere
A s  can be seen, the values a t 8 1 °F , and 105®F. ag ree  quite  w e ll,  as 
they  should. H o w ever, the value a t 65®F. is  v e ry  high. P ropan e  
w as fo rm e d  in  a re la t iv e ly  la rg e  quantity  (2. 40% by w eight) in  the  
6 5 ° F . e xp e rim en t. T h is  w as ju s t the opposite e ffe c t noticed  in  the  
6 5 ° F . , 95% exp erim en t.
The values o f kg a re  shown in  F ig u re  4 -2 0 . T h is  ra te  con­
stant is  ca lcu la ted  by
'iC g  
" 9  = [ ï C / % 1
and the re a c tio n  is
The value fo r  1 0 5 °F . is  in  good ag reem en t, w h ereas  the va lues  fo r  
65 and 8 1 °F . a re  lo w . A  possib le  exp lanation  is  th a t the low  ac id  
concentra tion  h inders  s e lf-a lk y la tio n  u n til the te m p e ra tu re  is  h igh  
enough to com pensate fo r  c a ta ly s t in a b ility  to  support such a  re a c tio n .
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F ig u re  4 -1 9 . The values of obtained a t a 
c a ta ly s t s trength  of 90% H 2 SO4  
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F ig u re  4 -2 0 . The values of k_ obtained a t a 
c a ta ly s t s treng tn  of 90% H 2 SO^ 
com pared  w ith  the le a s t squares  
f i t  of the values obtained at 95%
nO4k
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The values fo r  k^Q and k^g a t a 90% H^SO^ concentra tion  a re  
shown w ith  the p re d ic te d  values in  T a b le  4 -5 .  The e x p e rim e n ta l 
values w e re  h ig h er than p re d ic te d  a t 6 5 ° F . , 8 1 ° F . , and 1 0 5 °F .  
H o w ever, as w as shown in  the p rev io u s  section  the reactio n s  w ith  
w h ich  k jQ  and k^g a re  assoc iated  a r e  v e ry  fa s t. T h is , i t  w i l l  be 
re m e m b e re d , im p lie d  th a t k jQ  and k j^  w e re  ca lcu la ted  fro m  ra tes  
o f fo rm a tio n  w hich expressed  the ra te s  of the reactions
iC ^ -  + H X  2 -1 .5 )
12
iC ^ + X "   iC y=  + H X  2 -1 .8 )
ra th e r  than fro m  the reac tio n s
^10iC,~ + iĈ '"'X'' ----- ► iCgtx" 2-1.6)
k
iC y=  + iC^'^'x" - V  iC g=  + C g + X - 2 - 1 .9 )
w ith  w h ich  they  a re  asso c ia ted . T h e re fo re , they  w ould  not be 
expected to  ag ree  w ith  the  p re d ic tio n s .
The values fo r  k j j  a re  shown in  F ig u re  4 -2 1 . The re a c tio n  
f ro m  w hich  k j j  a r is e s  is
iC ^ ‘‘’x '  + C g =  ► iC y + X * 2 - 1 .3 )

























T A B L E  4 - 5
The P re d ic te d  V alues  o f k jp  and C om pared  to the V alues  
E x p e r im e n ta lly  D e te rm in e d  Using a 90% H 2SO4  C a ta lys t
R eactio n  R ate  Constant ^IQ  o r  k l3 ______
T e m p e ra tu re  P re d ic te d  E x p e rim e n ta l
QF,______  (cc . / gm , m o le -s e c . ) (cc . / gm . m o le -s e c . )
àl6 Q Af\ — 1 n 16I  iC 4 + + iC 4 = iC g + X "  65 4 . 73 x  10^^ 8 .4 0 x 1 0 ^
CD
81 5. 83 X 10^6 9. 11 X 10^6
I  120 7. 81 x  10^^ 1 .0 7  X 10^7
iC y=  + iC 4 + X “ - ^ 1 1 ^  iC g= + C ^+X " 65 1. 84 x  lO^? 4. 77 x  10^"^
81 2 .4 7  X 10^7 3. 71 x  10^7
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F ig u re  4 -2 1 . The values of k  obtained at a 
c a ta ly s t s tren g m  of 90% H 2SO^ 
com pared  w ith  the le a s t squares  
f i t  o f the values obtained a t 95%
« 2 ® °4 -
nO
198
The values fo r  a ll  th re e  te m p e ra tu re s  a re  h igher and fo rm  a lin e  
a p p ro x im a te ly  p a ra lle l  to the 95% p re d ic tio n s . T h is  w as due m a in ly  
to the heavy products Cg and C jq fo rm e d  v ia  the heptyl ion , w h ich  
w e re  h igh (T a b le  4 -4 )  in  re la tio n  to the feed o le fin  co ncentra tion  
(12. 5%). Run N u m b er One, 8 1 °F , and 90% ac id , re s u lte d  in  the  
p a r t ic u la r ly  high fo rm a tio n  o f Cg (0 . 92% by w eight) and C jq (3 . 84% 
by w e ig h t). I t  appears  th a t the m o re  d ilu te  ca ta lys t im p ro ves  
s e le c tiv ity  to the re a c tio n  o f the type
ion  + o le fin  ------ ^  ion
to the expense o f the reac tio n s  o f the fo rm
ion  ► o le fin  + p ro ton
T h is  does serve  to in c re a s e  the y ie ld  o f Cy products , a ls o . T h is  is  
supported by the fac t th a t F ig u re  4 -2 2 , fro m  the re a c tio n
iC y + X "  ^  iC y=  + H X  2 -1 .8 )
is  consis ten tly  lo w e r w ith  a  90% ac id  concentration  fo r  6 5 ^ F . , 8 1 °F .  
and 1 0 5 °F . The values fo r  kg as ju s t  p re v io u s ly  d iscussed a re  f ro m  
a re a c tio n  o f the sam e type  and w e re  a lso  g e n e ra lly  lo w e r  than those  
fo r  the 95% cata lys t.
T he com parison  fo r  k^^ is  shown in  F ig u re  4 -2 3 .  T h e  90%
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values at 6 5 °F . and 1 0 5 °F . exh ib it good to f a i r  a g ree m e n t w ith  the  
95% p re d ic tio n s . T h a t fo r  8 1 °F . is  fa r  below  the p re d ic tio n . Th is  
ra te  constant d escrib es  the k in e tic s  of the fo llow ing  reac tio n :
k .  .
iC g= + H X  --------- ^  iC  ■'‘X "  2 -1 .1 0 )
3 5
Just why i t  should be low  fo r  th is  te m p e ra tu re , and not 6 5 ° F . and 
1 0 5 °F . a lso , is  not obvious. The value of k j^  is  ca lcu la ted  by equa­
tio n  2 -2 . 15, and th is  d is p a r ity  is  p ro b ab ly  caused by the com bined  
e r r o r s  in  the m e as u re m en t o f the concentrations o f iC g , C^, and 
Cg, a ll  o f w h ich  had concentrations less  than 1%.
F ig u re s  4 -2 4  and 4 -2 5  show the e ffec ts  o f c a ta ly s t s tren g th  
on k j 5 and k j^  re s p e c tiv e ly . These ra te  constants re la te  the  ra te s  
of Cg and C jq  fo rm a tio n . The re ac tio n s  a re
_ k j5
i c J ’X -  + C 3 -   ► C jQ 'b c - 2 -1 .1 3 )
i C f  + iC ^ '^ X - ----- ^  C g + X - 2 -1 .1 5 )
R e fle c tin g  the high ra te s  o f fo rm a tio n  (s e e  T a b le  4 -4 )  o f Cg and 
C jQ  fo r  a 90% c a ta ly s t s treng th , k jg  and k j^  a r e  h ig h e r than the  
p re d ic tio n  fo r  a l l  th re e  te m p e ra tu re s . T h e  va lu e  fo r  1 0 5 °F . is  
lo w e r  than those fo r  6 S °F . and 8 1 ° F . , suggesting an  ap p aren t 
in c re a s e  in  s e le c tiv ity  a t th is  te m p e ra tu re  to  the p r im a r y  p roduct -  
i .  e . . d im ethylpenteines.
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The 90% c a ta ly s t concentration  re su lts  fo r  k jg  as com pared  
to the 95% c o rre la tio n  ap p ear in  F ig u re  4 -2 6 . W h ile  the 6 S °F . value  
is  in  good ag reem en t, the values fo r  81®F. and 1 0 5 °F . a re  low .
lo
re s u lts  f ro m  the fo llo w in g  reactio n :
CjQ+X" — i Cg= + iCg+X" 2 -1 . 18)
These low  values a re  in  ag reem en t w ith  those o f k j2  w h ich  is  re fle c te d  
in  the o v e ra ll sequence.
^12
iC ^ + X ” -------- ► iC y=  + H X  2 -1 .8 )
k .  _
iCy= + iC^'^x" ------- ► iCg= + Cg'^'X" 2 -1 .9 )
Since iC ^ "  appears  in  no o th er re a c tio n  and k jg  is  » k 22> the  
im p lic a tio n  is
iC^'^X"  ► iC g -  + C g tx "  4 -2 2 )
w h ich  a llow s co m p ariso n  between, k^g and kjg» showing th a t the ra te  
o f c rack in g  o f a carb o n iu m  ion  is  lo w e r a t 90% than  a t 95% H^SO^. 
The consequence o f lo w  values fo r  k ^2 and k jg  w as , o f course , high  
y ie ld s  of a t the expense o f the m o re  d e s ira b le  lig h te r  products -  
Cg through Cy.
b i g e n era l, the m a in  e ffe c t o f the  lo w  c a ta ly s t concentration
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was to in c re a s e  p roduct ions o f Cg and a t the expense of lig h te r
products . The iC g  fo rm a tio n  a t lo w e r te m p e ra tu re s  -  65 to 8 1 ° F . -  
was a lso  low ; how ever, i t  in c re a s e d  to the sam e value w hich  w ould  
be p re d ic te d  a t 95% H^SO^ and 1 0 5 °F .
As can be seen fro m  T a b le  4 -4 ,  the e ffe c t of in c re a s in g  te m p e ra ­
tu re  to 1 0 5 °F . re s u lts  in  a fa r  s u p e rio r product, i .  e . , the in c re a s e d  
y ie ld s  of the d e s ira b le  i C j  and iC g  and the decreased  y ie ld s  o f Cg and 
C jg . I t  appears th a t th is  h ig h er te m p e ra tu re  m akes up fo r  loss  in  
s e le c tiv ity  o f the d ilu te  c a ta ly s t. T h e re  w e re  tw o in ves tig a tio n s  
re p o rte d  in  the l i te ra tu r e  on the e ffec t o f ca ta lys ts  co n cen tra tio n  on 
o le fin -iso b u tan e  a lk y la tio n  w ith  s u lfu r ic  ac id  c a ta ly s t. These w e re  
by S h leg eris  (30 ), who a lk y la te d  propene^and M osby (23 ), who 
a lk y la te d  b u te n e -1 . S h leg e ris  (30) used a 95. 5% c a ta ly s t obtained  
f ro m  an A m e ric a n  O il C om pany c o m m e rc ia l a lk y la tio n  u n it fo r  com ­
p a ris o n  w ith  the re s u lts  he obtained a t 99. 3%. The on ly  co m p ariso n  
he gave w as th a t co n vers io n  d ecreased  w ith  the lo w e r  s treng th  c a ta ­
ly s t. T h is  could be the reaso n  w hy his convers ions on ly  re p o rte d  
a t 99. 3% HgSO^ ap p ear high in  re la t io n  to th is  w o rk . T h e  d ecrease  
in  co n vers io n  w ith  ac id  s tren g th  w as not noted in  th is  w o rk ; how­
e v e r , the 95% and 90% c a ta ly s ts  used in  th is  w o rk  both had the sam e  
c h a ra c te r . H o w ever, the 9 9 .3 %  and 9 5 .5 %  ca ta lys ts  S h leg eris  used  
d id  not. The la r g e r  am ount o f o rg an ic  d iluents  in  th is  w o rk  m a y  have  
a c tu a lly  a ided  co n vers io n  b y  p ro m o tin g  the s o lu b ility  o f  isobutane m o re  
than the co rrespond ing  lo ss  o f a c t iv ity  upon d ilu tio n .
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M osby (23) in ves tig a ted  the e ffec t of ac id  concentration  on the 
a lk y la tio n  of isobutane w ith  b u ten e-1 . The a c id  he used was m ade by  
blending a used a lk y la tio n  c a ta ly s t s im ila r  to th a t used by S h leg eris  
w ith  fu m in g  H 2 SO4 . Though the o le fin  was d iffe re n t, some q u a lita ­
tiv e  com parisons can be m ade.
M osby found th a t as in  th is  w o rk  the "Cg p lu s" fra c tio n  o f the  
product w as h igher a t a concentration  o f 90-91%  than a t 94 -95% . He  
a lso  found th a t the product fra c tio n  o f Cg through Cy -  co m p arab le  
to Cg and in  th is  w o rk  -  decreased  w ith  d e crease  in  ac id  strength . 
S im ila r  re s u lts  w e re  noted in  th is  w o rk . H is  p r im a r y  product, octanes, 
d ecreased  w ith  d ecreasin g  ac id  s trength  fro m  94 to  90%. The fa c t  
th a t the octanes in  th is  w o rk  a lso  decreased , even though th ey  w e re  
fo rm e d  by s e l f -a lk y la tio n  ra th e r  than d ire c t  a lk y la tio n , is  in te re s t­
ing . The fra c tio n  o f the p r im a r y  product, heptane, re m a in e d  m o re  or  
less  constant on the averag e  o f about 55% in  th is  w o rk  w ith  change in  
c a ta ly s t s trength .
V I.  O th er R e la ted  R esearch
T h e re  have been o ther a lk y la tio n  studies re p o rte d  in  the l i t e r a ­
tu re , but fo r  v a rio u s  reasons, as w i l l  be discussed, i t  is  not possib le  
to m ake  a co m p ariso n  o f the re s u lts  o f these studies w ith  those o f  
th is  re s e a rc h . Di g en era l, only q u a lita tiv e  in fo rm a tio n  is  re p o rte d .
F o r  exam p le , in  the w o rk  o f J e m ig a n , Qwyn, and C la rid g e  (14) a  
ty p ic a l r e f in e ry  feed  containing m ix e d  butenes, p ro p y len e , pentenes.
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and Cg to Cg p a ra ffin s  was used. The reac tio n  te m p e ra tu re  was 
ty p ic a l fo r  butene a lk y la tio n , 4 5 ° F .  The acid  concentrations v a r ie d  
f ro m  98 to 8 6 % H^SO^ in  a c id  dep letion  exp erim en ts  w ith  a v e r t ic a l,  
d ra ft-tu b e  a lk y la t io n  re a c to r  using a contactor speed of 3, 000 to 
3, 600 R P M . T h is  w as m a in ly  a  study to c h a ra c te r iz e  the h y d ro c a r­
bon ac id  em uls ion  w hich  w as v a r ie d  fro m  14 to 68% I^ S O ^  in  the  
em uls ion . The ra tio  o f Cg to o th e r Cg p lus b y  vo lum e was re p o rte d  
to v a ry  fro m  0. 44  to 2 . 26 . I t  w as not possib le  to m ake  any w o rth ­
w h ile  com parisons betw een th is  w o rk  and our re se a rch .
N ext, Knoble and H e b e rt's  c o m m e rc ia l sca le  w o rk  (17) invo lved  
the a lk y la tio n  of isobutane w ith  p ro p y len e , the data w hich  w as re p o rte d  
being s tr ic t ly  c o m m e rc ia l in  ap p lica tio n . T h e re  w e re  no product 
analyses o th e r than A S T M  90% d is tilla t io n  point, end po in t and  
octane num ber; thus, no com parisons can be m ade. T h is  w o rk  was  
rev iew ed  in  d e ta il in  C h ap te r I .
In  a su rvey  a r t ic le  b y  C upit, Gwyn and J e m ig a n  (7) data w as  
presen ted  w h ich  included the  re s u lts  fro m  iso butane-propylene  a lk y la ­
tio n . T h is  data w as obtained a t 4 6 ° F . , a  c a ta lys t concentra tion  o f 
98%, 47% ac id  in  em uls ion , and a 0. 22 o leH n space v e lo c ity . H ow ever, 
the concentration  o f propane w as not re p o rte d , and the feed contained
15. 9% (vo l. ) p ropy lene , 77% (vo l. ) isobutane, and 7 . 1% (vo l. ) n o rm a l  
p a r Elf fin s .
Due to  the low  te m p e ra tu re  used, 4 6 ° F . , the  lo w  va lue  of
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ac id  in  em uls ion , 47% (vo l. ), and the fac t that only one p iece of 
data was re p o rte d , these  re su lts  can only be used q u a lita tiv e ly  
as a com parison  to our re s e a rc h . A  com parison  of these re su lts  
w ith  the data fro m  th is  re s e a rc h  w hich  is  c lo ses t to th e ir  o p e ra t­
ing  conditions is  shown in  T a b le  4 -6 .
I t  w i l l  be noted in  the data of C upit e t a l.  th a t the Cg -  nCg 
a c tu a lly  decreased  fro m  the feed to the product. A s propane is  
g e n e ra lly  fo rm e d  in  these reac tio n s  and n o rm a l p a ra ffin s  a re  gen­
e r a l ly  in e r t  to a lk y la tio n , th is  w ould in d ica te  th a t th e re  w e re  
in a cc u ra c ie s  in  the c h em ic a l an a lys is . T h e re fo re , on ly  the re la t iv e  
m agnitudes o f the com position  should be considered . I t  is  quite  
p robab le , a lso , th a t the o le fin  used w as not p u re  p ro p y len e , as p u re  
p ropy lene  a lk y la tio n  re q u ire s  e ith e r v e ry  h igh ac id  concentra tion  (4) 
(>100% HgSO^) a n d /o r  h ig h er te m p e ra tu re s  (31) (e . g . . > 5 5 - 6 0 ° F .  
range) to obtain y ie ld s  in  the  range o f tha t re p o rte d  in  the su rvey  
a r t ic le .  The im p u r it ie s  in  the o le fin  w e re  p ro b a b ly  butenes. The  
fa c t th a t butenes a re  good p ro m o te rs  o f p ro p y len e  a lk y la tio n  (17) 
w ould exp la in  the h igher y ie ld s  of heptanes and lo w e r  y ie ld s  o f Cg 
and C 20 th a n  w e re  obtained in  E x p e rim e n t N in e . T h e  r e la ­
t iv e ly  h igh  y ie ld s  of heptanes m a y  a lso  be the re s u lt  o f th e  s h o rte r  
contact t im e  obviously  em ployed in  obta in ing  the data p resen ted  in  
the su rvey  a r t ic le ,  as in  the sam e a r t ic le  i t  w as sta ted  th a t "s h o rt 
contact t im e s "  fa v o r the p r im a r y  reac tio n s .
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T A B L E  4 - 6  
C om parison  of A lk y la tio n  D ata  fro m  C upit 
et a l. (7 ) *  w ith  T h a t o f E x p e rim e n t N ine
E x p e rim e n t
C a ta ly s t S trength (% H 2SO4 ) 
O le fin  Space V e lo c ity  (h r . ” ^) 
T e m p e ra tu re  ( ° F .  )
A c id  in  E m u ls io n  (V o l. %) 
F e ed  C om position  (W t. %)
%
C 3 — nCg 
P ro d u c t C om position  (W t. %)
C 3 — nCg  
iC s
2, 3 -D M B  and M P  
2, 4 -D M P  
2, 3 -D M P
T  o ta l C y
2, 4 , 4 - T M P
2, 3, 3 - and 2, 3, 4 - T M P  
DM C ^ and O th er Cg
T o ta l Cg
2 ,2 ,  5 -T M C g  
O th er Cg
T o ta l Cg
^10
C l l































T ra c e
6 9 .8 3  
1. 5 9 * *
0. 97
1 .2 4
5 .2 4  
1 1 .0 5 * * *






0 . 9 1
1 .3 7  
4 .4 3  
(<1)
*  T h is  data has been converted  fro m  a  vo lum e p e rc e n t basis  to  a  
w eig h t p e rc e n t b as is ; th e re fo re , th e re  a re  fe w e r s ign iB cant 
fig u re s .
* *  P ropane
* * *  Inc ludes 3 M C /
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V I I .  Conclusions
A ccord ing  to  the re s u lts  found in  th is  w o rk , the m a th e m a tic a l 
m o d el d e riv e d  in  C h ap te r I I  is  v a lid  o v e r the te m p e ra tu re  range o f 
8 1 ° F . to 1 3 5 °F . fo r  the a lk y la tio n  o f isobutane w ith  p ro p y len e  using  
a 95% by w eig h t s u lfu r ic  a c id  c a ta ly s t. In  th is  range o f te m p e ra ­
tu re s  the ra te  o f fo rm a tio n  o f each species except iC g  is  adequ ate ly  
exp la ined  by one re a c tio n  path . The iC g  species re q u ire s  tw o  re a c ­
tio n  paths as d iscussed in  C h ap ter I I .  Thus, th is  type o f m o d e l m ay  
be used to an a lyze  the data  f r o m  com plex , liq u id -liq u id  re a c tio n s . 
T h is  presupposes, how ever, th a t an a c c u ra te  d e sc rip tio n  o f the  
re a c tio n  m ech an ism  is  known.
A  re g re s s io n  m o d e l f r o m  the e x p e r im e n ta lly  d e te rm in e d  ra te  
constants in d ica tes  the fo llo w in g  tre n d s  in  the range o f 8 1 °  to  1 3 5 °F .
1. Y ie ld  in c re a s e s  both w ith  te m p e ra tu re  and o le fin  feed  con­
cen tra tio n .
2 . The w eigh t fra c tio n  o f iC y  is  in s e n s itiv e  to  te m p e ra tu re  
changes but in c re a s e s  w ith  in c re a s e  in  o le fin  feed  concentra tion .
3. The octane co n cen tra tio n  d ecreases  w ith  in c re a s e  o f both  
te m p e ra tu re  and o le fin  feed  co n centra tion .
4 . T h e  propane co n cen tra tio n  re m a in s  constant w ith  te m p e ra ­
tu re  but decreases  w ith  in c re a s in g  o le fin  feed  co n centra tion .
5. T h e  p ro d u ct fra c tio n s  of Cg, C ^, Cq and a l l  in c re a s e  
w ith  in c re a s in g  o le fin  feed  concentration .
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6. Based on the f i r s t  f iv e  tren d s , low  te m p e ra tu re s  (down  
to 8 1 °F . ) and low  o le fin  feed  concentrations (down to 12. 5%) g ive the  
highest concentration  of the d e s ire d  products , Cy and Cg, and lo w est 
concentrations of the u n d es irab les , Cg and C jg *
F o r  a 95% c a ta ly s t concentration , th is  re s e a rc h  shows a 
change in  the m ech an ism , and thus the p ro d u ct d is tr ib u tio n , a t  6 S °F . 
T h is  is  thought due to e ith e r  a s ig n ifican t d e p artu re  in  the ra te  of 
fo rm a tio n  of te r t ia r y -b u ty l cations o r  to  a  change in  re a c tio n  path . 
T h is  d iffe re n ce  in  m ech an ism  causes p r im a r i ly  a la rg e  in c re a s e  in  
the Cg and C jq concentrations.
Low  ac id  concentrations, e . g . , 90%, y ie ld  h igh  c o n cen tra ­
tions o f Cg and C jg . The high Cg and C jq  y ie ld s  w e re  considered  
to be a consequence o f a change in  s e le c tiv ity  to  these p ro d u cts . In  
addition , since Cy y ie ld s  w e re  co m p arab le  to  the y ie ld s  a t 95% 
H 2S0 ^, the in c re a se d  am ount o f o rg an ic  d iluen ts  p re s e n t in  the  c a ta ­
ly s t p robab lè  a ided convers ion  since isobutane s o lu b ility  is  thought 
to be enhanced w ith  in c re a se d  o rg an ic  d ilu en t.
V I I I .  Recom m endations
In  any p ro g ra m  o f re s e a rc h , the im m e d ia te  goals a re  u s u a lly
a tta ined . The va luab le  b y -p ro d u c ts  of such a  p ro g ra m , how ever,
w i l l  s u re ly  inc lude new questions w h ich  a r is e  during  the  course  o f
the w o rk . Consequently, th e re  a re  a lw ays  m an y  recom m endations
w h ich  a r is e  fro m  these in v es tig a tio n s . T h e  recom m endations
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a e re  w i l l  be in  lin e  w ith  prob lem s w hich a ro se  during the course of 
th is  study. These recom m endations a re  p resen ted  in  the fo llow ing  
l is t .
1. S o lu b ilities  of the v ario u s  isoparaf£Lns in  s u lfu ric  acid  
a re  needed as both a function  of te m p e ra tu re  and p e rcen t HgSO^ 
(o rg a n ic a lly  d ilu ted ).
2. Since the re su lts  obtained fro m  the m a th e m atic a l m odel 
a re  dependent to som e extent on the o le fin  feed  concentration , a 
m o re  d e ta iled  study of th is  v a r ia b le  is  needed. S p ec ific a lly , the  
assum ption  that the concentrations o f the feed  o le fin  in  both phases  
a re  re la te d  by a s im p le  p ro p o rtio n  m a y  be a l im ita t io n  o f th is  m odel. 
I t  is  suggested th a t exp erim en ts  be designed and c a r r ie d  out to d e te r­
m in e  a m o re  exact functional re la tio n s h ip  betw een the  o le fin  concen­
tra t io n  in  the feed and th a t in  the acid .
3. M o re  study is  needed to d e te rm in e  w hat the change in  
m ech an ism  is  upon going fro m  8 1 °F . to  6 5 ° F .
4 . As m o s t c o m m e rc ia l a lk y la tio n  un its  do not have the  
degree  of m ix in g  w h ich  the one used in  th is  w o rk  had, the re su lts  
f ro m  th is  w o rk  m a y  not be d ire c t ly  ap p licab le  due to m ix in g  e ffec ts . 
Thus, i t  is  recom m ended th a t a study o f the e ffe c t o f m iv in g  on
the a lk y la tio n  re ac tio n s . Thus, th is  k in e tic  m o d e l m a y  be extended  
to in c lu d e  o th er reac tio n s  w h ich  m a y  becom e s ig n ifican t a t lo w e r  
degrees o f m ix in g .
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N O M E N C L A T U R E
A  = m ass tra n s fe r  a re a  p e r  un it volum e o f em uls ion  -  ft .
f t . ^
A j = a re a  of peak i  on ch ro m ato g ram
C = concentration  o f t r a c e r  a t t im e  t  -  c o u n ts /m in .
Cq = in i t ia l  concentra tion  o f t ra c e r  -  co u n ts /m in .
C j = satu rated  hydrocarbon  o f carbon n um ber i
C j~ = m onounsaturate of carbon nu m b er i
Cj'*' = carbon ium  io n  o f carbon  nu m b er i
C c j  = w eight concentra tion  o f species C.
d = fra c tio n  o f dead space in  re a c to r
E  = a c tiv a tio n  energy  -  K c a l. / gm . m o le
F q  = m o la l feed ra te  of com ponent C j p e r  u n it vo lum e of ac id
 ̂ in  re a c to r  -  m o le s /(h r .  - f t .
H  = vo lum e fra c tio n  of ac id  in  re a c to r
Hg = vo lum e fra c tio n  of hydrocarbon  in  re a c to r  w hich is
e m u ls ifie d
k j = re a c tio n  ra te  constant -  sec. o r  cc. / gm . m o le -s e c .
k ^  = m ass tra n s fe r  co ef& c ien t -  ft . /h r .
= m ass tra n s fe r  c o e ffic ie n t -  lb . / ( h r .  - f t .
K j j j ,  K j) .  = phase d is tr ib u tio n  co effic ien ts
K j = fra c tio n  of carbon ium  ions w hich  a re  not C4  carbon ium
ions
m  = fra c tio n  o f re a c to r  contents w h ic h a re p e rfe c tly  m ixe d
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M  = m o le c u la r  w eight
N i = to ta l m ass tra n s fe r  o f species i  -  lb . /h r .
p = fra c tio n  o f re a c to r  contents w h ich  a re  in  a plug flow
reg io n
p . = p ro d u ct ra te  of species i  p e r  u n it vo lum e of c a ta ly s t -
lb . m o le /(h r .  - f t .
rQ  = ra te  o f fo rm a tio n  of species C. p e r  u n it vo lum e of
 ̂ c a ta ly s t -  lb . m o le /( f t .  ^ -h r .  )
R = gas constant 1. 987 B tu /( lb . m o le  -  °R )
S = ole^'n space v e lo c ity  -  vo l. o le f in /v o l. a c id -h r .
tj^ = m ean  res id en ce  tim e  of re a c to r  -  m in u tes
w = constant in  re a c tio n  ra te  constant te m p e ra tu re  dependence
exp ress io n
W = m ass  flo w  ra te  -  lb . /h r .
Wp = w eig h t p e rcen t
X  = fra c tio n  o f Cg fo rm e d  v ia  iC g ”
X -  = HSO^"
Y q .=  = m o le  fra c tio n  o f com ponent C j in  a c id  phase based on
satu rated  re ac tio n  products only
Z = constant o f p ro p o rtio n a lity  betw een co n cen tra tio n  o f C-
and equal to 10~® fo r  propane, 1 0 -7  fo r  o th e r
species
[C -] = concentra tion  in  acid  phase o f species C j -  lb . m o le s /f t .  ^
S u b scrip ts ;
ac id  = ac id  phase
H C  = hydrocarbon  phase
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m , n, i = n u m b er o f carbon  atom s in  a species
R = re a c to r  o r  re a c tio n
S u p e rs c rip t:
* = im p lie s  e q u ilib r iu m  value
G ree k  le t te rs :
= p ro p o rtio n a lity
(® = d en s ity  -  lb . / f t .  ^
I
= sum m ation
0 = dim en sion less  t im e
N u m e ric a l subscrip ts  in  com puter p ro g ra m  as app lied
to hydrocarbon  species
1 = C4  species
2 T= Cg species
3 = Cg species
4 = C^ species
5 = Cy species
6 = Cg species
7 = Cg species
8 - C jo  species
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A P P E N D I X  A 
E L IM IN A T IO N  O F  R E A C T IO N  IN T E R M E D IA T E S
The standard  p ro ced u re  in  the d e te rm in a tio n  o f ra te  constants  
fo r  a set o f com plex reac tio n s  w h e re  re a c tio n  in te rm e d ia te s  a re  
in vo lved  is  to e lim in a te  the in te rm e d ia te  through steady state  a p p ro x i­
m ations  (18 ). The re su ltin g  k in e tic  m o d el g e n e ra lly  invo lves  ra tio s  
o f ra te  constants. In  m any cases values fo r  one o r  m o re  of the  
in d iv id u a l ra te  constants m a y  be d e te rm in e d  w h ich  then m a y  be used  
to  d e te rm in e  the values o f the o th er ra te  constants. In  th is  case, how­
e v e r , i f  the in te rm e d ia te s  a re  e lim in a te d , th e re  is  no w ay  to  d e te r ­
m in e  the in d iv id u a l values of any ra te  constant except k j .  T h is  is  
shown in  the d e riv a tio n  on the fo llo w in g  pages. A lso , ra tio s  of ra te  
constants do not a llo w  a v a lid  te s t o f a m o d el on an A rrh e n iu s  p lo t, 
as, o f course , only re la t iv e  te m p e ra tu re  e ffec ts  a re  no ticed . Thus, 
since the A rrh e n iu s  c o rre la tio n  w as the basis  o f d e te rm in in g  the  
v a lid ity  o f the m odel, i t  was decided th a t the  concentrations of the  
in te rm e d ia te s  be es tim ated  ra th e r  than  e lim in a te d .
The "knowns" in  the m a th e m a tic a l m o d el (equations 2 -3 .1  
th rough 2 -3 .  18) a re  r^,^, r ^ ^ ,  r ^ g ,  [C g ^ ,
and [ i c j .  The la s t two quantities  m u s t be es tim ated .
T h e re fo re :
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Substituting th is  in to  equation 2 -3 .  11,
l i c A  =* 1-
^12
^ C 7 /[iC 4 ]
[ iC  =] = - iC s  + -C 6  -  -  ' ) 'C 9
^ 2 [H x ]k i4
Substituting 2 -3 .  9 and 2 -3 .  14 in to  2 -3 .  16,
h 6 - ,------------------------------------------ , ------
= ^ iC s  + 'C 6  -  (2 *  -  l l 'C ^ j r C g
Substituting 2 -3 .  12 in to  2 -3 .  15,
221
[ i C 4 V ]  = 2 -3 .9 )
^9
k j i  rÇ y  + ^ C io  + (rÇ g  + + r ç ^ ) /2
^ [C 3 = ]rc g
2 -3 .  12)
" kg[icj
Equating 2 -3 .  12 to 2 -3 .  5,
k l2  + (1 -  x ) r c ,
A -2 )
2 -3 .  14)
A - 3)
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h i .  = ^iCs -  'C 6  + + ^^ClO
k i2  ■
'C 6
k4
k i8  ^C5 -  'C 6  + -  ^ ) 'C 9




[C 6+X -J  = k  [ i c j  2 .3 .4 )
Substitu ting  2 -3 . 4  in to  2 -3 .  17,
A -5 )
\r- +-V-1 _ ^1 0
'  -  I 3 TE3  2 - 3 . 8 )
Substituting 2 -3 .  8 in to  2 -3 .  18,
A -6 )
T h e re  a re  no substitu tions fo r  [C g ^ X "], [Cg'^X”] ,  [Cg"^X"], 
[ C g + x i  [ iC 4 =], a n d [ iC 7=],
and
 Ï S 3_____
‘'2  = [C j+ X -K iC ^ l  2 -3 -2 )
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'C S
'3 = [ C + X - ] [ i c J  2 -3 .3 )
rC a
% = [Cr+ X - IU c . I  2 - 3 .6 )
101.
'7  [ C g + X i t c j  2 - 3 .7 )
Substituting 2 -3 .  9 in to  2 -3 .  10,
’'lO  1
S  °  tlC 4= ] '  
Substituting 2 -3 .  9 in to  2 -3 .  13,
± 1 3  _ rc ^  + (1 -  x ) tç.
‘'5  ' ------- [ iC 7 = )rc g ----------- "
Thus, constants k^, kg, k^ , k^» k jQ  m a y  not be
eva luated , k j  m a y  be eva luated  but i t  does not appear in  any o f the  
ra tio s  A -1  through A - 8.
The ra tio s  A -1  through A - 8 m a y  be a lg e b ra ic a lly  m an ip u ­
la te d , but the only re s u lts  w ould be to  obtain  o th er ra tio s  and.
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thus, the ra te  constants and k^^ -  k^g cannot be d e te r ­
m ined  in d iv id u a lly .
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A P P E N D I X  B 
C A L C U L A T IO N  O F  R A T E  C O N S TA N TS
Using equations 2 -3 .  1 through 2 -3 .  18 the values fo r  the  
e ig hteen  ra te  consteints m a y  be ca lcu la ted  fo r  any one exp erim en t.
A  com puter p ro g ra m  has been w r itte n  fo r  th is  purpose. The p ro g ra m , 
e n title d  E X  -  fo r  e x p e rim e n ta l, re q u ire s  the fo llow ing  inputs:
(1) Component w eig h t p e rcen t d ire c t ly  fro m  each ch ro m ato ­
g ra m  -  W H C (I)
(2) Component m o le c u la r  w eights -  C M W (I)
(3) Component liq u id  densities  (20) -  D E N S (I)
(4) M ass  tra n s fe r  c o e ffic ien t -  C M T (I)
(5) V o lu m e tric  ra t io  o f p ropy lene  to  isobutane in  the feed  -  R
(6) The vo lum e fra c tio n  o f ac id  in  the re a c to r  -  A C ID
(7) The v o lu m e tric  feed  ra te  -  C C I
(8) The v o lu m e tric  p roduct ra te  -  CCO
(9) The re ac tio n  te m p e ra tu re  -  T E M P
(10) The re a c tio n  p re s s u re  -  PRESS
(11) T h e  f in a l density  o f th e  c a ta ly s t used (26) -  D E N SA
( 12) The value fo r  the p ro p o rtio n  betw een the ions and  
saturates  -  Z
T h e  output o f the p ro g ra m  inc ludes the fo llow ing :
(1) T E M P
(2) PRESS
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(3) R
(4) The o le fin  space v e lo c ity  -  S
(5) A C ID
(6) The m o la r  co n cen tra tio n  o f the c a ta ly s t -  A C ID C
(7) The m e an  res id en ce  t im e  -  T R
(8) The m o la r  ra te  o f p ro p y len e  fed  -  P R O P M
(9) The m o la r  ra te  o f isobutane fed  -  B U T M
(10) The product m o la r  ra te  -  S U M M
(11) The m ass ra te  o f feed  in  -  T O T W
(12) The m ass  ra te  o f p ro d u ct -  W T IN
(13) The w eighted  in v e rs e  d en s ity  o f the p ro d u ct -  S Ü M W
(14) W H C (I)
(15) The com ponent p ro d u ct w e ig h t flow s -  C W P (I)
(16) The com ponent p roduct m o la r  flow s -  C M P (I)
(17) The com ponent w e ig h t co n cen tra tio n  in  the a c id  phase -  
C O N W A (I)
(18) The com ponent m o la r  concentra tions  in  the  ac id  phase -  
C O N C A (I)
(19) The m o la r  concentrations o f the  o le fin s  in  the ac id  phase -  
C O L E (I)
(20) The m o la r  concentrations o f the ions in  the a c id  phase -  
C IO N (I)
(21) The va lues  fo r  the ra te  constants -  R K (J )
The ra te  constants f r o m  the  e ^ e r im e n ts  ru n  a t  conditions  
betw een  81 and 1 3 5 °F . and 95% I Î 2SO^ w e re  used as inputs to M R P
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
227
49 -  the G en era l Foods M u ltip le  R eg ress io n  P ro g ra m . T h is  p ro g ra m  
co nverted  the input ra te  constants to lo g a rith m s  and m ade a  leas t  
squares f i t  o f the log k  versus  in v e rs e  te m p e ra tu re . The re su lts  
w e re  in  the fo rm  o f the slope and in te rc e p t o f the b est s tra ig h t lin e  
f i t  o f the log k  versus  in v e rs e  te m p e ra tu re  p lo t.
The output f ro m  M R P  49 was put unchanged in to  the  p ro g ra m , 
P R  -  fo r  p re d ic tio n . The inputs w e re
(1) The lo g a r ith m  o f the le a s t squares in te rc e p t -  R K O Li(I)
(2) The le a s t squares slope -  S L (I)
The output was
(1) The p re d ic te d  value o f the ra te  constzmts a t the fo llo w ­
ing  te m p e ra tu re s :
(a) 6 5 ° F . -  R K J (I)
(b) 8 1 ° F . -  R K L (I)
(c) 1 0 5 °F . -  R K M (I)
(d) 1 2 0 °F . -  R K N (I)
(e) 1 3 5 °F . -  R K H (I)
(2) The freq u en cy  fa c to r  -  R K O (l)
(3) The n a tu ra l lo g a rith m ic  base slope -  SLiN(I)
(4) The a c tiv a tio n  en erg y  -  A C T E (I)
The flo w  d iag ram s  and corresponding  p r in t-o u ts  fo r  E X  and P R  a re  
g iven  on the fo llow ing  pages.
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F L O W  D IA G R A M  
O F  C O M P U T E R  P R O G R A M  E X
S ta rt
R ead num ber o f analyses, M
R ead n um ber o f com ponents, N
Read subscrip ted  data; D A T A (I) , (W H C (I) 
C M W (I), D E N S (I), C M T ( I) )
No
I  = N
Yes
L =  0
L =  L  + 1
S U M (L ,I)  = D A T A (I)
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No
L  = M
Yes
No
L  = M
Yes
I S U M  = 0 .0
No
I  = N
Yes
L i =
D A T A (I) = S U M /M
S U M  = S U M  + S U M (L , I )
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C o n vert a c id  density , D EN SA , to con­
cen tra tio n , A C ID C
C a lcu la te  com ponent w e ig h t flow s; 
C W P (I) = T O T W /W H C (I)
C a lcu la te  w e ig h t flo w  o f feed; T O T W  = 
(R /R + 1  X 32. 54  + 35. 0 8 /R + l )  + V F R
C alcu la te  com ponent m o la r  f lo w s /  
vo lum e o f c a ta ly s t; C M P (I)  = 
C M W (I) /(0 . 0347)
C on vert cc. /m in . (C C I, CCO) to  f t .  / h r  
(V F R , V P R )
Read data; R , A C ID , C C I, CC O , T E M P , 
PRESS, D E N S A , Z
C a lcu la te  w eig h t flo w  of product fo r  m a te ­
r ia l  balance ;
W T IN  = (W H C (I) /D E N S (I)  )
V P R
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No
I  = N
Yes
C a lcu la te  m o la r  p ro d u ct ra te ;
S U M M  = C M P (I)
C a lcu la te  s o lu b ilitie s  o f p ro d u ct com ponents; 
S W (I) = 58. 1 /C M W (I)  X  . 001
C a lcu la te  res id en ce  t im e  o f h yd ro ­
carbon; T R  = 0 . 0579 ( 1 . 0  -  A C ID ) /V F R
P R O P M  = V F R
B U T M  =
C a lcu la te  C^~ and iC .  m o la r  feed  
ra te s /v o lu m e  of ca ta lys t;
R  +  1 58. 1 X  . 0347
V F R
R  + 1 4 2 . I x .  0347
35. 08
3 2 .5 4
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No
I  = N
Yes
Set isobutane w eig h t concentration; 
C O N W A (l) = 0 .0 0 7
C a lcu la te  ra te  constants by equations 2 -3 .  1 -  
2 -3 .  18. R esu lts  a re  R K (J)
C a lcu la te  C_~ co n cen tra tio n  b y  equation  
2 -1 5 ;  re s u lt  is  COLiE(2)
C a lcu la te  iC ^  , iC g "  and iC _~  concentra ­
tions  b y  equations 2 -2 6 , 2 -2 7 , and 2 -2 8 .  
R esu lts  a re  C O L E ( l) ,  C O L E (3 ), C O L E (5 )
C a lcu la te  ac id  phase m o la r  concentrations  
(lb . m o le /f t .  ^);
C O N W A (I) X DEN SA  
C O N C A (I) --------------  -------------------
C a lcu la te  com ponent w eig h t concentrations  
(lb . / lb .  ) in  the a c i4  phase; C O N W A (I) b y  
m ass tra n s fe r  equation  2 - l 6  using
SW (I)
232
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P r in t  re s u lts , T E M P , P R ESS, R , S, A C ID ,  
A C ID , A C ID C , T R , P R O P M , B U T M , S U M M , 





P r in t  R K (J)
gm . m o le -s e c . lb . m o le -h r .
C o n vert R K (J ) to  m e tr ic  system  o f units;
cc
sec = h r . ” ^ x 2 .  777 X lO '^
X  1 . 7 3 9 x 1 0
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R ead  
R K O L (I)
1
T ake  an tilo g  of R K O L (I) and co n vert to
m e tr ic  system ;
c c /g m . m o le -s e c . = f t .  ^ / Ib .  m o le
X 1.739 X IQ-Z
sec. = h r . “ 1 X 2. 777 X 10~4
No
4  1 = I  +








P r in t  R K J (I) ,  R K L ( I) ,  R K M (I)  
R K N (I) ,  E K H (D
C o n vert S L (I)  to n a tu ra l lo g a rith m ic  base; 
S L N (I) = 2 . 30258 x  S L (I)
C a lcu la te  the a c tiv a tio n  energy  A C T E (I)  
in  m e tr ic  units;
A C T E (I)  = -1 .  987 X S L N (D /1 . 8
C a lcu la te  the p re d ic te d  values o f the ra te  
constants a t 6 5 ° F . , 8 1 ° F . , 1 0 5 ° F . , 120°F , 
and 1 3 5 °F . b y  equation 2 -1 5 ;  re su lts  a re  
R K J (I), R R L ( I) ,  R K M (I) ,  R K N (I), and 
R K H (I)______________





P r in t  R K O (I), S L N (I) , A C T E ( I) ,  R K H (I)  
R K L (I)
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A P P E N D I X  C
H Y D R O C A R B O N  P H A S E  C O N C E N T R A T IO N  
P R E D IC T IO N  M O D E L
The values of the frequency  fa c to rs  and a c tiv a tio n  energ ies  
m ay  be used to p re d ic t the p roduct d is trib u tio n  and the to ta l con­
v e rs io n  fo r  any te m p e ra tu re  betw een 8 1 ° F . and 1 3 5 ° F . , a  95% H 2 SO4  
c a ta ly s t, and any propy lene  feed concentration  betw een 0. 125 and 
. 224 lb . / lb .  feed.
A  d e riv a tio n  of the p re d ic tio n  m o d e l and the corresponding  
com puter p ro g ra m , LS , flo w  d ia g ra m  and p r in t-o u t fo llo w  th is  
discussion. The inputs to  the p ro g ra m  a re
(1) The v o lu m e tric  ra tio  of p ropylene to  isobutane in  the  
feed  -  R
(2) The v o lu m e tric  fra c tio n  of ac id  in  the re a c to r  -  A C ID
(3) The v o lu m e tr ic  feed  ra te  -  C C I
(4) The v o lu m e tr ic  product ra te  -  CCO
(5) The re ac tio n  te m p e ra tu re  -  T E M P
(6 ) The p re s s u re  -  PRESS
(7) The density  o f the ca ta lys t -  DENSA
(8 ) The p ro p o rtio n  betw een the sa tu ra te  concentrations  
and corresponding  io n ic  concentrations -  Z
The outputs a re :
(1) T E M P
(2) PRESS
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(3) R
(4) The o le fin  space v e lo c ity  -  S
(5) A C ID
(6) The m o la r  concentration  o f the c a ta ly s t -  A C ID C
(7) The m ean  residence  t im e  -  T R
(8) The m o la r  feed ra te  o f p ropy lene  -  P R O P M
(9) The m o la r  feed ra te  o f isobutane -  B H T M
(10) The to ta l m o la r  product ra te  -  S U M M
(11) The to ta l w eigh t feed ra te  -  T O T W  
, (12) The product w eight fra c tio n  -  W H C (I)
(13) The p roduct m o le  fra c tio n s  -  C M F H C (I)
D e riv a tio n  of P re d ic tio n  M o d e l
W ith  a  value  o f X  = 1, 0 the equations 2 - 3 .  1, 2 - 3 .  9, 2 - 3 . 1 1 ,  
2 - 3 .  12, 2 - 3 .  14 through 2 - 3 .  16, and 2 - 3 .  18 m a y  be used in  conjunc­
tio n  w ith  equations 2 - 2 .  3 through 2 -2 .  9 to develop a  m o d e l to p re d ic t
concentrations w ith  the knowledge o f ra te  constants.
1. The ra te  constants m a y  be ca lcu la ted  fo r  a te m p e ra tu re  by:
k j  = k Q .e -^ i/^ " ^
2. The value  fo r  r^ ^  naay be ca lcu la ted  re a d ily  f ro m  equa­
tio n  2 - 3 .  1.
r c ,  = k j[C 3 = ] [H x ]
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3. The value fo r  m a y  be ca lcu la ted  fro m  equation 2 - 3 .  9.
r i c  = ]
8
4. The values o f the re m a in in g  ra te s  m a y  be ca lcu la ted  
using equations 2 - 3 .  11, 2 - 3 .  12, 2 - 3 . 1 4  through 2 - 3 .  16 and 2 -3 .  18 
w ith  substitution fo r  r ^  by equation 2 -2 .  3 through 2 - 2 .  9 using r^ ^  
as an exam ple:
= k 4 [ c j [ i c j z
2 -2 .  5) 
C -1 )
and
[ i c / x " ]  = [ i C 4 ] l c , - ] z / [ c , - ]3 'b C -2 )
The s ix  re s u ltin g  equations a re :
[Cg=]̂  f 
k i i E i C j z  = <^k5[iC^l + k g [ c j
^ (kgLiCsl + k j c ^ l  +  k7[C 9] |
[iC jz C-3)
k ^ g [iC y ]z  = k j c j l i c j z C-4)
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2 k jJ iC 5 = ] [H x ]  = k ^ [ iC g ] [ ic J z  + k ^ [ c J [ iC ^ ] z
-  k y [C g ][ iC ^ ]z  C -5 )
2 k ^ g [iC ^ ][C 3 = ]z  = k ^ [ iC g ] [ ic J z  -  k ^ l c ^ j l i c j z
+ k ^ [ C g ] [ ic J z  + 2 k g [ c ^ J [ i c J z  C -6 )
''1 6  = k ^ L c ^ J l ic J z  C -7 )
1^3 4
2 k ig [ c io ] z  = k g [ iC g ][ ic ^ ]z  -  k j c g ] k c ^ ] z
+ k ^ [ c ^ ] [ i c j z  C -8 )
F ro m  equation C -4  an e x p re s s io n  fo r  [ iC y ]  is :
[ iC y ]  = 1 ^  [ c j [ i C 4 ]  C -4 )
L ik e w is e , C -2  y ie ld s  [ iC _~ ]
C -5 )
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I f  these a re  substituted in to  C -3 ,  C - 5  and C -6  and the com m on te rm s  
in  these equations to g e th er w ith  C -8  a re  cance lled , the fo llow ing  
equations re s u lt.
^  [ iC ; ]  [ i c j  + 0 . 5) 0 ^
+ [C g ] + ÎSg[C io l C -9 )
+ 0 [ c J  C-10)
0 = k^ [iC g ] -
^ Z k is k J C g " ]
— ------  + kJ(Cg] + k,(c,]
+ Z k g lC jg ] C - U )
0  = k j i C ^ L C ; ]  -  k J iC jL c g l  + k ^ i c j E c g l
-  2 k ig [C io ]  C -1 2 )
5 . The re s u ltin g  fo u r equations, C -9  th rough C -1 2 , m a y  be 
solved by m a tr ix  a lg e b ra  fo r  the fo u r  unknowns - [ iC g ] ,  [C ^ ], [C g ]
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and CjQ  .
6 . The value fo r  [ iC ^ ] m ay  be obtained fro m  C -4 .
7. The values fo r  r ^ .  now m a y  be ca lcu la ted  fro m  equa­
tions com parab le  to C -1 .
rC 6  = k ^ [ c j [ i c j z  C -1 )
The value  fo r  r^Q^ is  equal to the num ber o f m o les  o f iC ^  
in  each o f the products .




iC y  1
iC g  2
C9 2
^ 10  :
Thus, r^Q^ is  equal to
' I C 4  = ' i C ;  + +  ' iC y  + 2 'iC g  + + ■'Cio C -1 3 )
Th e  p roduct ra te  o f iC ^  is  then
^ iC .  ^ ^ iC 4  '  ''iC 4
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6. The w eight fra c tio n  in  the product of each com ponent i  is
then
^  ( r i ) M i
i= l
w h ere  is  the w e ig h t fra c tio n  o f component i ,  and M j  is  the
m o le c u la r  w eigh t o f com ponent i .
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F L O W  D IA G R A M  
O F  C O M P U T E R  P R O G R A M  LS
S ta rt
R ead C M W (I), D EN S(I)i
No
Y es
R ead  R , A C ID , C C I, C C O , T E M P , 
PR ESS, D E N S A , Z
C o n vert T E M P  
TEAÆP = T E M P  + 460
C a lcu la te  C O L E (2 ), A C ID C , V F R , V P R ,  
T O T W , P R O P M , B U T M , T R , S, C O N C A (l)  
as in  P ro g ra m  E X  _____________________
C a lcu la te  ra te  constants f r o m  equation 2 -1 5  
using values o f R K O (I) and S L N (I) f ro m  P R ; 
R K (J ) = R K O (J )E X P (S L N (I) /T E M P )
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C alcu la te  C O N C A (3 ), C O N C A (4 ), C O N C A (7) 
and C O N C A (8) using  C ra m e r 's  R u le
C a lcu la te  values o f Y (K ) and A (K , L )
C a lcu la te  the m o la r  p ro d u ct ra te  o f p ro ­
pane C M P (2 )
C M P (2 )
C O L E (2 )
^ A C ID C  x R K ( l )
Equations to solve a re  in  fo rm  of 
Y (K ) = A (K , 1) C O N C A (3) + A (K , 2) C O NCA {4) 
+ A (K , 3) C O N C A (7) + A (K , 4) 
C O N C A (8)
1 to  4
C a lcu la te  C O N C A (S) f ro m  equation C -4
C O N C A (6)
C a lcu la te  C O N C A (7) f ro m
R K (9 ) X C O L E (2 ) 
^ R K (6 ) X 10-V
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C a lcu la te  the m o la r  product ra te  
C M P (I) f ro m
C M P (I)  = R K (I) X C O N C A (I) x  Z  x  C O N C A (l)
=
\ Y es
C a lcu la te  the m o la r  p ro d u ct ra te  o f iC ^  -  
C M P ( l)  M a te r ia l  B a lance Equation  C -1 3
f
C alcu la te  the com ppnent m o le  fra c tio n s  in  
the hydrocarbon  phase C M F H C (I)
C a lcu la te  the weighs fra c tio n s  in  the hydro­
carbon  phase W H C (l)
P r in t  T E M P , P R ESS, R , S, A C ID , A C ID C ,  
T R , P R O P M , B U T M , T O T W
1=0
1 = 1 +  1
^ P r iP n t  W H C (I), C M F H C (I) 7
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D 0 2 2 2 : = l , 8
CMFHCi I )=CM P( I ) / (CM PT+CMP(1 )+CM P(2) ) 
CONCH*:)=CMFHC(i; *CMW(I )
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FORMAT*1H-,51H TEMP PRESS R S
PRINT 3 0 , TEMP,PRESS,R,S,ACID,AC IOC 











FORMAT*1H-,31H TR PROPM 
PRINT40,TR,PROPM,8UTM,TOTW 
FO R M A T*1H 0 ,F7 .4 ,3 F8 .5 I  
PR INT45
FORMAT*1H-,31H I WHC*I)
005 11= 1 ,8
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